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Abstract 
 
   
Following  over  100  years  of  agriculture  and  continuous  phosphorus  (P) 
fertilizer application in the south west of Western Australia, there is a growing risk of 
P transport from cropping and pasture land to streams. However, soil and landscape 
factors affecting the likelihood of P losses and of stream water contamination have 
not yet been assessed for the South coast region of Western Australia.  The present 
investigation was conducted in the Fitzgerald River catchment located ~ 400 km 
south east of Perth, to identify risk of P losses from agricultural land to streams, 
through  an  understanding  of  how  P  is  retained  within  complex  landscapes  and 
released via surface and subsurface flow paths. The 104,000 ha catchment is in a 
moderately dissected landscape (average annual rainfall 450 mm) and discharges into 
the World Heritage listed Fitzgerald Biosphere. The main use of cleared land in the 
catchment is broad-scale agriculture, primarily winter grain cropping and pasture for 
livestock. 
 
The  aim  of  an  initial  study  was  to  identify  the  areas  with  high  soil  P 
concentrations  and  their  relationship  to  factors  such  as  soil  type,  topography, 
management (e.g. fertilizer and manure inputs, and uptake by crops or forage) and 
how  variations  in  soil  P  concentrations  were  related  to  soil  physico-chemical 
properties, P fertilizer management and landscape position. A wide variation in P 
concentrations was observed across the catchment, but few of the samples exceeded 
Colwell extractable P levels of 30 mg/kg in the 0-10 cm layer which is regarded as a 
critical level for crop and pasture productivity. The western area of the catchment, 
which  was  cleared  earlier  (before  1966)  than  the  eastern  area  had  a  greater 
prevalence of loam soils, and higher Colwell-extractable P concentrations (average   iii 
22 mg/kg vs. 13 mg P/kg) due to soil type effects and higher P accumulation over 
time. Risk of P loss from the east and west of the catchment is expected to vary due 
to textural and topographic differences and P history (P fertilizer input and uptake by 
crops).  The  CaCl2-extractable  P  in  the  catchment  was  negatively  correlated  with 
oxalate extractable Fe (Feox) in soils. This suggests that P may be transported as 
particulate P (PP) on loam and clay soils due to sorption of P on oxides surfaces, 
while on sand soil leaching losses may be more likely. On loam and clay soils, higher 
sodicity and the dispersive nature of subsoils may increase the risk of both dissolved 
P (DP) and PP loss due to the effects on hydraulic conductivity of the profile.  
 
Hedley‟s fractionation scheme was used to quantify P fractions in the order of 
decreasing  lability,  viz:  resin-P  >  NaOH-Pi  >  NaOH-Po  >  acid-P  (H2SO4-P)  > 
residual-P. Surface soil had higher resin and NaOH-Pi, which are regarded as water-
soluble and readily exchangeable P forms, respectively and expected to contribute to 
DP  in the runoff losses.  The residual  P was  the largest  fraction followed by the 
hydroxide  extractable  organic-P  fraction  (NaOH-Po):  the  former  was  positively 
correlated (r) with clay content, organic carbon (OC) and pyrophosphate extractable 
Fe and Al (0.48**, 0.61**, 0.69** and 0.58**, P < 0.01). A relatively higher value of 
NaOH-Po in the subsurface layer and positive correlation with OC (r = 0.45**, P < 
0.01) suggests potential mobility of P as soluble organic P in run-off, throughflow 
and leachate.  
 
Phosphorus sorption and its relationship to soil properties was used to assess 
the potential P release from the catchment soils. Values of P sorption maxima varied 
from 1111-3333 mg/kg for surface soils and 1010-2917 mg/kg for subsoils. The P 
sorption isotherms conformed better to the Freundlich equation than the Langmuir   iv 
equation. A highly significant negative correlation between CaCl2 extractable P and 
Feox in surface soils (r = -0.65**, P < 0.01) suggests that P was bound to hydrated Fe 
oxide surfaces and this may determine the concentration and dynamics of loosely 
bound P equilibrating with leachates and eroded particulate materials. On the other 
hand, high surface organic matter and the high proportion of total dissolved P in 
organically bound form may inhibit P sorption on clays and sesquioxides, which 
would increase P mobility through leaching or runoff losses. 
 
The relationship between soil P concentration and degree of P stratification in 
the top 0-10 cm of soils along five toposequences was examined to predict the effect 
on runoff P losses. The total Colwell-P content of the 0-10 cm layer of soils in the 
catchment was very low in comparison to other studies on P losses from agricultural 
soils, but soils showed higher P concentration at 0-1 cm depth compared to 5-10 cm 
(average 37 mg/kg vs. 19 mg/kg). The higher extractable P concentration in the 0-1 
cm layer will create a greater P mobilization risk in surface runoff and leachate than 
analysis of the 0-10 cm layer might suggest. Assessment of P risk using the 0-10 cm 
data would still be reliable as P concentration in the 0-1 cm layer was linearly related 
(R
2 = 0.59) with concentration in the 0-10 cm layer. The sampling at varied soil 
depths will result in different critical P levels for estimating the risk of P enrichment 
in runoff.  
 
In a glasshouse study with intact soil columns, initial high P concentrations in 
leachate decreased with leaching events suggesting that macropore flow dominated 
in initial leaching events changing later to matrix flow. The hydraulic behavior of 
clay and loam soil below 10 cm depends largely on structure and the type of clay 
minerals  and  exchangeable  Na.  Higher  levels  of  exchangeable  Na  in  the  subsoil   v 
might increase dispersion of clay particles resulting in low permeability leading to 
ponding of surface water or lateral movement of water at the interface of sand A and 
clay B horizons. Lateral water movements increase the risk of P losses in the form of 
DP, dissolved organic P (DOP) or PP. The P concentration in all the P forms (DRP, 
DOP and TDP) increased significantly with P rates of application (P < 0.01). The 
DRP concentration was < 2 mg/l in unfertilized columns but an increase to 11 mg/l 
was  observed  with  P  application  at  40  kg  P/ha.  The  higher  proportion  of  DOP 
relative to DRP and its correlation with TDP indicates that the DOP was the major 
form of P in leachate. However, the estimation of DOP which was by subtraction of 
DRP from TDP generally overestimates OP concentration.  
 
The TDP load from unfertilized soil was < 0.20 mg/l in runoff and < 2.40 
mg/l  in  throughflow  but  increased  with  P  application  (20,  40  kg  P/ha)  for  both 
packed box and field studies. Under field conditions, higher P loss was found with 
broadcast P application compared to drill placement. The higher load of DOP as a 
proportion of TDP and its significant relationship with TDP in runoff (R
2
sand = 0.81; 
R
2
clay = 0.79) and throughflow (R
2
sand = 0.94; R
2
clay = 0.98) in field and box studies 
also  suggests  DOP  was  the  major  form  of  P  loss  from  soil.  Dissolved  OP 
concentration increased significantly with increase in soluble organic carbon (SOC) 
in soil solution at 5 cm depth (P < 0.05). Consequently, the amount of organic matter 
dissolved in soil solution may influence P sorption and mobility. Relatively higher 
affinity of soil for sorption of DRP compared to DOP might allow DOP to be more 
mobile through the profile. Higher  PP load in  clay soil in  throughflow indicates 
subsurface lateral flow along the interface with the horizon of dispersive clay might 
be an additional risk factor regarding P mobility in clay soils of the catchment.  
   vi 
The runoff, throughflow and leachate were dominated by eroded particles of 
clay and colloidal organic materials. However, the soil solution collected though 0.1 
m pores in the Rhizon samplers had a similar dominance of DOP to the < 0.45 m 
filtered samples in runoff and throughflow. This reduces the likelihood that the so-
called DOP fraction was mostly P associated with PP in the 0.1 to 0.45 m size 
fraction. The composition of DOP in soil solution collected through Rhizon samplers 
(<  0.1  m)  might  provide  important  insights  for  P  mobility  since  this  more 
effectively  excluded  PP  than  in  the  <  0.45  m  filtrate  used  for  runoff  and 
throughflow samples. The DOP in soil solution (< 0.1 m) might be associated with 
fine  colloidal  compound  such  as  silicates,  metallic  hydroxides,  humic  acids, 
polysaccharides, fulvic acids and proteins. If so, then most, but not all of the DOP 
fraction would be organically bound. However, this requires verification. 
 
In conclusion, soil P levels across the catchment were never very high when 
assessed in the 0-10 cm layer, but levels in the 0-1 cm layer were more than twice as 
high.  Overall,  <  1  %  of  land  area  of  the  upper  Fitzgerald  River  catchment  had 
Colwell-P levels > 30 mg/kg (0-10 cm) and hydrological connection to streams. In 
addition, another 7 % of land had Colwell-P levels > 15 mg/kg, which appears to be 
a change point in soils for the release of CaCl2 extractable P. These areas, which are 
predicted  to  represent  critical  source  areas  of  the  catchment,  need  careful 
management. The high proportions of TDP as DOP in runoff, throughflow and soil 
solution suggest DOP was the major form of P loss from soil. Phosphorus losses 
from the catchments are also likely in the form of PP in clay and loam soil but 
leaching losses are more likely in sand. High exchangeable Na in the subsoil of loam 
and clay soils increases dispersion of clay particles resulting in low permeability of   vii 
subsoil and greater lateral P mobility as throughflow at the interface of sand and clay 
textured horizons.  
 
In  general,  soils  of  Fitzgerald  River  catchment  had  low  soil  P,  but 
nevertheless significant risk of P loss at Colwell-P > 15 mg/kg. This study provides 
baseline information for P loss risks in the wheatbelt of WA. Stream water quality 
monitoring instruments were installed in the upper Fitzgerald River Catchment at 5 
stream locations by CSIRO to measure base line concentrations of P. The measured 
P  concentrations  were  higher  than  ANZECC  trigger  values  (>  0.05  mg  P/l)  for 
management response over the three-year monitoring period (2005-07). Hence this 
and many other catchments on the south coast and wheatbelt of south west Western 
Australia need assessment for P loss risks. Previous emphasis in south west Western 
Australia  on  P  losses  from  sandy  coastal  soils  under  pasture  may  need  to  be 
reconsidered. In the South coast region, cropping land in the medium rainfall zone 
may still represent a risk of P loss to waterways and risk to water quality. The present 
study evaluated the risk of P loss based on soil P forms and their mobility. It suggests 
greater attention needs to be given to the difference between clay and loam soils with 
dispersive or non-dispersive sub-soils, and to the composition and mobility of DOP. 
However,  a  more  complete  understanding  of  P  loss  risks  depends  on  follow-up 
studies  on  hydrological  flow  and  connectivity  in  the  upper  Fitzgerald  River 
catchment and similar landscapes of south west Western Australia. 
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                                                                        CHAPTER 1
 
Introduction and Review of Literature 
1.1 Research issues and questions 
 
Soil parent materials in south west of Western Australia are amongst the most 
ancient and highly weathered in the world (McArthur, 1991). Most newly cleared 
land used for agriculture in Western Australia had very low concentrations of soil 
phosphorus  (P),  and  very  low  capacity  to  replace  the  P  taken  up  from  the  soil 
solution  by plant  roots  (Bolland, 1999). Phosphate fertilizers therefore  played an 
important role in local agricultural development. Applications of P fertilizers since 
land clearing up to 100 years ago, led to a gradual build up of soil P (Samadi and 
Gilkes, 1998). There is now a rising concern about P losses from soils and transport 
to nearby streams and lakes (Mckergow et al., 2006). The important environmental 
issue associated with the use of phosphate fertilizers is the export of small quantities 
of P, often less than 5 % of that applied (Nash and Murdoch, 1997; Nash, 2002), to 
surface waters and, to a lesser extent, ground water.  
 
Declining water quality on the south coast of Western Australia has been 
linked  to  current  agricultural  practices,  particularly  P  losses.  Eutrophication  of 
coastal water bodies has encouraged algal growth and led to noxious algal blooms in 
south coast harbours and estuaries (Weaver et al., 2004). Coastal water has been 
degrading since the 1960s and agricultural runoff is recognized as a key nutrient 
source (WAEPA, 1990).  
   2 
 
The major gap in current knowledge is to identify the risk factors affecting P 
mobilization from agricultural land to streams, and to determine how P is retained 
within  complex  landscapes  and  released  to  adjacent  streams  via  surface  and 
subsurface  flow  paths.  There  are  multiple  P-loss  pathways  from  the  field,  and 
unpredictable reactions and attenuation of P (both soluble P and P associated with 
sediment) that can occur at varied distance from the actual application zone. The 
mobilization  and  fate  of  P  within  and  from  agricultural  fields  is  a  significant 
challenge  for  research  on  P  pollution.  To  meet  this  challenge,  it  is  necessary  to 
identify the key landscape and land management factors driving P mobilization (such 
as soil types, manure and fertilizer addition). Soil characterization is an important 
diagnostic approach to identify P risk areas. In addition there is a need to understand 
the underlying transport pathways (Heathwaite et al., 2005). To understand P loss 
risk from the catchment, the present study was conducted to answer the following 
research questions: 
 
  Where are the P risk areas in the Fitzgerald River catchment?  
  How is P distributed in the dissected landscape of the catchment in relation to 
hydrological connectivity? 
  What are the major P pools within soil profiles of the catchment? 
  What soil physico-chemical properties affect potential P losses? 
  What crucial transport processes affect the mobility of P to streams? 
  Does rate and method of P application affect P losses in runoff, through flow 
or leaching?  
  What are the major forms of P loss occuring from cropped land?   3 
 
1.2 Review of Literature 
 
Phosphorus is one of the major essential nutrients required for plant growth 
and development (Theodorou and Plaxton, 1993). It plays an important role in plant 
metabolism,  cellular  energy  transfer,  photosynthesis,  respiration,  seed  production, 
root growth and many other important functions (Marschner, 1995). Deficiency of P 
results in small, stunted plants with limited root systems and thin stems. Plants take 
up P almost entirely as orthophosphate anions (H2PO4
- or HPO4
-2). The relative amount 
of each ionic species in soil solution depends on soil pH. Phosphorus occurs largely 
as Al- and Fe-phosphates in acidic and Ca- and Mg-phosphates in neutral to alkaline 
soils (Lindsay, 1979). Phosphorus is most available and mobile at pH 6-7. However, 
a combination of Al-, Fe-, Ca- and Mg-P can occur in most agricultural soils and 
hence P loss is determined by the forms and content of soil P.   
 
The export of P in runoff from agricultural land results in the degradation of 
surface water quality (Anon, 1998) and is a major cause of increasing eutrophication. 
Phosphorus is often the limiting nutrient in inland fresh waters (Wade et al., 2001). 
Thus, it is important to understand the factors affecting P release from soil to surface 
water. Phosphorus concentrations in runoff from soils used for dairying in South 
Australia typically range from 0.5-5.0 mg P/l (Nash and Murdoch, 1997; Fleming 
and Cox, 1998;  Mundy et  al.,  2003). These P  concentrations  are well  above the 
typical water quality guideline for P, which is 0.05 mg/l (Anon, 1998). Phosphorus 
losses  by  leaching  and  runoff  from  soils  are  due  to  the  application  rates  of  P 
exceeding crop needs, application at inappropriate time, and perhaps inappropriate 
method of application. Also, inadequate ground cover and high risk of runoff and 
leaching  are  important  factors  (Berkheiser  et  al.,  1980;  Enfield  and  Ellis,  1983).   4 
 
Birch (1982) showed that about 90 % of the P exported to an estuarine system on the 
south west coast of Western Australia came from only 28 % of the catchment area. 
This P loss was due to an increase in soil P from regular superphosphate applications 
(18 kg P ha
-1 yr
-l) over the previous 40-50 years. The loss of P may vary from year to 
year  even  when  rainfall  levels  are  similar  (Hodgkin  et  al.,  1980).  Thus,  it  is  of 
considerable interest to understand the factors affecting P release from soil to surface 
water (Fig. 1.1). These factors include soil properties (adsorption capacity, amount 
and  type  of  soil  P),  environmental  conditions  (rainfall  intensity  and  temporal 
distribution  of  the  rainfall)  and  management  practices  (i.e.  solubility  and  rate  of 
fertilizer application, time of application relative to rainfall, type of crop tillage). The 
understanding of the pattern and forms of P distribution in landscapes and soil profile 
in  relation  to  the  susceptibility  of  soils  to  runoff  and  erosion  will  improve  our 
understanding of the importance of various processes of P mobilization.  
1.2.1 Soil P Status 
 
The P status of soils for plant growth is usually assessed through extraction of 
soil  with  chemical  reagents  such  as  NaHCO3,  H2SO4,  NH4F,  and/or  through  a 
measure of P sorption capacity (Rayment and Higginson, 1992). On the basis of 
these soil tests,  Australian soils  in  their native state have naturally low P status. 
About  80  %  of  surface  soils  in  south  west  Western  Australia  had  bicarbonate-
extractable P (Colwell-P) concentrations of < 5 mg/kg and many have < 2 mg/kg 
(McArthur, 1991), compared with a desirable concentration for wheat of about 35 
mg/kg (Colwell, 1963). For these soils, agricultural production was possible only by 
the application of phosphate fertilizers. In south west of Western Australia, about 
100,000 tonnes of P was applied annually to pastures and crops in the early 1990‟s 
(Moore, 1998). For many soils, the use of superphosphate over several decades has   5 
 
built up P to an adequate level. Only maintenance dressings of P fertilizer are needed 
to replace the P removed in farm products and to maintain the level of P available to 
the plant in the soil (Bolland and Gilkes, 1990). Therefore, P deficiency is mainly 
found on newly cleared P deficient soils, or on old land that has not been adequately 
fertilized with P fertilizers or had no P fertilizers for many years. 
 
Fig. 1.1. Conceptual diagram of P mobilization which is combination of soil 
processes (coloured boxes, adapted from McDowell et al., 2003) and landscape 
processes (adapted from Pierzynski et al., 2000). 
 
   
Sand soils are naturally low in iron, aluminum and P, and are prone to P loss 
from applied superphosphate by leaching and runoff (Cogger and Duxbury, 1984). 
Although in the extreme cases up to 90 % of the applied P can be lost by drainage,   6 
 
continued long-term applications (up to 50 years) of superphosphate to sand soils 
used for pasture production has led to a slow but steady build-up of P in excess of 
plant requirements (Gillman, 1973). This also occurred on the deep grey sands of the 
Swan Coastal Plain of Western Australia (Yeates et al., 1984) which are naturally 
deficient in P and have low iron and aluminium contents (Bettenay et al., 1960) 
1.2.2 Critical Source Areas (CSA) of P 
 
Repeated application of P fertilizers and manures to surface soils over many 
years has resulted in the build up of P in the topsoil in many parts of the world 
(Yeates et al., 1984; Erikson et al., 1997). Soil erosion and overland flow carry P 
from  land,  which  can  eventually  cause  the  eutrophication  of  water  bodies 
downstream (Sharpley and Rekolainen, 1997). This P loss can lead to significant off-
site economic and ecological impacts, which in some cases occur long distances from 
the place of P application (Hughes et al., 2000).  
 
The  loss  of  P  from  agricultural  catchments  depends  on  the  specific 
combination of source and transport factors that vary both in space and time (Gburek 
et al., 2000). Within agricultural watersheds, P is exported from a small part of the 
landscape  during  a  few  relatively  large  storms.  These  specific  areas,  known  as 
hydrologically active areas, are responsible for the majority of P transport (Walter et 
al., 2000). Where hydrologically active areas coincide with areas of high soil P or 
recent P applications, there is increased vulnerability and concern about P loss. Such 
areas  are  known  as  CSA  (Fig.  1.2).  Phosphorus  loss  from  CSA  occurs  even  in 
regions where subsurface flow pathways dominate P transport (Gburek et al., 2000). 
To manage nutrient loss to water bodies, CSA need to be identified and managed.  




Fig. 1.2. Conceptual diagram showing CSA where areas of high P source coincide 
with areas of high hydrological connectivity to the surface drainage network. 
1.2.3 Phosphorus pools in the soil 
 
The total P (TP) content of most soils ranges from 0.02-0.15 % P (or even < 
0.02 % for WA soils) depending on the soil parent material and the extent to which 
weathering and leaching have taken place (McLaren and Cameron, 1996). Soil P 
exists  in  inorganic  and  organic  form  (Singh  and  Basilio,  1995)  and  the  relative 
amounts of these forms vary greatly from soil to soil, but it is quite common for more 
than  half  of  P  to  be  in  organic  forms  (Singh  and  Basilio,  1995).  However, 
surprisingly little of the literature on mobilization of P in soils has focused on the 
organically bound fraction of soil P. 
1.2.3.1 Inorganic-P (Pi) 
 
Inorganic P forms are reported to be the major source of plant available P 
(Patrick and Mahapatra, 1968) and in most soils, 50 to 75 % of the P is in inorganic 
forms, although this fraction can vary from 10 to 90 % depending upon soil physio-
chemical  properties.  Inorganic  forms  of  P  are  associated  predominantly  with 
amorphous and crystalline sesquioxides of iron (Fe) and aluminum (Al) in acidic and 
non-calcareous soils and also with calcium (Ca) compounds in alkaline, calcareous   8 
 
soils (De Datta et al., 1990). The inorganic P is chemically bound with clay size 
minerals and can be categorized into calcium phosphates (Ca-P), iron phosphate (Fe-
P),  aluminum  phosphates  (Al-P)  and  reductant–soluble  or  occluded  iron  and 
aluminum phosphates plus other residual mineral P forms e.g. (RS-P) (Chang and 
Jackson, 1957; Singh and Basilio, 1995).  
1.2.3.2 Organic-P (OP) 
 
Organic P in soil, generally, constitutes 20-80 % of the total P (Singh and 
Basilio, 1995; Prasad and Power, 1997). A significant fraction of P present in the 
topsoil  is  organically  bound  either  as  specific  organic  compounds  or  organic 
compounds linked with inorganic P. Soil OP may be derived from plant residues, 
from soil microorganisms, flora and fauna, and for residues that resist hydrolysis. 
Although  soil  OP  is  not  directly  available  to  plants,  it  can  contribute  to  plant 
requirements via release of inorganic P by biological mineralisation (McLaren and 
Cameron, 1996). Amongst mineral soils, the OP is higher in clay soils than in coarse 
textured soils (Sanyal and De Datta, 1991; Brady and Weil, 1999), but the level of 
OP is lower than that in organic and peat soils. In soils, OP occurs in the forms of 
phospholipids, inositol-P, fulvic acids, and humic acids (Sharpley et al., 2003). Most 
OP exists as insitol phosphate which adsorbs more strongly to iron oxides of soil 
than orthophosphate (Anderson et al., 1974) whereas the other OP compounds (such 
as phosphodiesters) are adsorbed less strongly to the soil matrix and are vulnerable to 
mineralization and leaching (Magid et al., 1996). Inositol phosphates are extremely 
stable in soils and form sparingly soluble salts with ions such as Fe, Al and Ca. They 
form strong complexes with proteins and can be strongly adsorbed by clay minerals 
and short-range order hydrous oxide materials (Berg and Joern, 2006). By contrast,   9 
 
nucleic acid and phospholipids are rapidly broken down in soils and account for little 
soil OP.  
1.2.3.3 Soil microbial-P 
 
Microorganisms play an important role in the transformation of both organic 
and inorganic P forms in soils (Schutten and Schnitzer, 1998). Phosphorus in organic 
forms is mostly unavailable to plants, therefore, must be transformed into inorganic 
form by mineralization involving soil microorganisms. Microorganisms vary in their 
ability  to  hydrolyse  organic  phosphates  under  aerobic  and  anaerobic  conditions 
(Szember, 1986). Patrick and Mahapatra (1968) reported that greater mineralisation 
takes place under anaerobic soil conditions in contrast to most other findings, which 
suggest higher mineralisation in aerobic conditions (Pheav, 2002).  
 
Microbial  biomass  P has  an important  intermediary  role in  the short-term 
dynamics of OP transformations (Brookes et al., 1982; Hedley and Stewart, 1982). 
Factors which affect the microbial activity in soil, such as temperature and wetting 
and drying cycles, will also affect the proportion of TP in inorganic forms (Wild and 
Oke, 1966).  
1.2.3.3 Measurement of P forms 
 
Phosphorus in soil solution or natural water occurs in three forms: dissolved 
reactive P (DRP), dissolved organic P (DOP) and particulate P (PP). The sum of 
DRP and DOP is called total dissolved P (TDP), and the sum of all P components is 
termed total P (TP). Dissolved and PP are differentiated by whether or not they pass 
through a 0.45µm membrane filter (Carlson and Simpson, 1996). The phosphorus 
fractions are illustrated below:   10 
 
 
Total P (TP) 
 
This form of P incorporates the total of all filterable and PP forms mentioned 
above. It is probably the most often analysed fraction of P because it is used in a 
wide  variety  of  empirical  models  relating  P  to  a  wide  variety  of  limnological 
variables (Peters 1986); and is the link between P loading estimates and P content in 
the lake. Total P is largely defined on the basis of how much P in its various forms 
oxidized into orthophosphate by a specific oxidant. Different analytical tests used for 
the digestion and analysis of P may change the total amount of P reported.  
Total dissolved P (TDP) 
 
The  TDP  is  measured  after  the  digestion  of  the  filtrate,  and  contains  all 
filterable forms of P, both organic and inorganic that are converted to orthophosphate 
by the digestion process. However, the amount of P in this filterable pool is highly 
dependent on the filter used. The larger the effective pore size of the filter, the more 
particulate material that will pass through the filter, be digested, and accounted for in 
the soluble pool.   11 
 
Dissolved Reactive P (DRP) 
This  P  fraction  consist  largely  of  the  inorganic  orthophosphate  (HPO4
2-/ 
H2PO4
-) form of P and the concentration of this fraction constitutes an index of the 
amount of P immediately available for algal growth. The term reactive is used to 
indicate that the P in the DRP fraction is not exclusively Pi, but could include any 
form of P, including some organic forms, that react with the reagents. Some organic 
forms apparently do hydrolyse and react under the conditions of this test, while some 
forms of inorganic P (polyphosphates), in fact, do not react. There is a continuing 
debate as to what extent DRP represents solely the orthophosphate form of P or is 
biologically available (Nürnberg and Peters 1984).The P containing material in the 
soluble fraction is dependent on the porosity and characteristics of the filter used. 
Typically,  0.45  µm  cellulose  (Millipore)  filter  is  used  as  a  standard.  This  filter 
excludes most particulates, but colloidal P may be present in the filtered fraction 
(Carlson and Simpson, 1996). 
Dissolved organic P (DOP) 
This  P  fraction  contains  filterable  P  forms  that  do  not  react  with  the  P 
reagents under the time and conditions of the test. It is measured as the difference 
between TDP and DRP. The compounds in the DOP fraction are organic forms of P 
and chains of inorganic P molecules termed polyphosphates. The size of this fraction 
relative to the other P fractions is highly dependent on the type of filter used to 
separate the soluble from particulate fractions. 
 
A number of OP molecules have been identified, but two main classes seem 
to predominate in natural waters (Carlson and Simpson, 1996). The first are low 
molecular  weight  compounds,  apparently  derived  from  algal  and  bacterial 
metabolism, which release orthophosphate upon treatment with alkaline phosphatase.   12 
 
These compounds do not react with the P reagents without prior digestion (Franko 
and  Heath  1979).  The  second  are  coloured,  large  molecular  weight  compounds, 
perhaps P bound in humic complexes, which release orthophosphate in the presence 
of ultraviolet light. 
Particulate P (PP) 
This fraction of P contains all material, inorganic and organic, particulate and 
colloidal,  that  was  captured  on  the  filter.  Typically,  particulate  forms  contain 
bacteria, algae, detritus, and inorganic particulates such as clays, sediments, or plant 
material (Carlson and Simpson, 1996). Particulate P is measured either by filtering a 
known volume of water through a membrane filter and then digesting the filter, or it 
can be obtained by subtraction of TDP from the TP concentration.  
1.2.4. Processes of P-mobilization  
 
Phosphorus is one of the most reactive and immobile nutrients in soil. The 
high reactivity of P in soil leads ultimately to its conversion into sparingly soluble 
forms resulting in low soil solution P concentrations. Applied P is rapidly converted 
to  relatively  insoluble  forms  in  soils  and  rendered  slowly  available  to  plants, 
depending on soil pH, Fe, Al, and Ca contents (Williams et al., 1958; Saunders, 
1965).  
 
Mobilization refers to the initial separation of phosphate molecules from their 
source (Haygarth and Jarvis, 1999). It operates at the soil profile scale and includes 
chemical, biological, physical and biochemical processes. These processes can be 
grouped into either solubilization or detachment mechanisms depending on the size 
and solubility of P compounds that are mobilized. The potential for P to be lost 
depends on the amount of P which can be rapidly released into the soil solution in   13 
 
suspended or soluble form. All forms of P within the soil system are able to move via 
a variety of transport pathways (conceptual model, Fig. 1.3) that transport P at the 
soil profile, hill slope, or catchment scale (Sharpley, 1999).  
 
Short-term losses (< 1 year) have been shown to depend on the amount and 
distribution of rainfall and type and rate of fertilizer applications (Weaver et al., 
1987). Under such conditions P may be lost as water moves in or through soil by 
various processes which are described as matrix flow, macropore flow, interflow, 
and surface runoff (Nash and Halliwell, 1999). All these processes contribute to P 
loss in varying degrees.  
1.2.4.1 Overland flow or runoff losses 
 
There are two primary runoff (overland flow) mechanisms, infiltration excess 
overland flow and saturation excess overland flow (Horton, 1940). The release of P 
to runoff occurs when precipitation or irrigation water interacts with a thin layer of 
surface soil and plant litter before leaving the field as surface runoff (Sharpley, 1985 
a). As runoff moves from the landscape towards water bodies there is generally a 
progressive dilution of P via sediment deposition. Phosphorus in runoff may become 
more  bio-available  by  P  desorption  processes  and  by  preferential  transport  of  P 
enriched sediment over the landscape (McDowell et al., 2004). The movement of DP 
begins with desorption, dissolution, and extraction of P from soil, plant, and organic 
material.  
 
The  soil  profile  has  been  assumed  to  act  as  an  almost  endless  sink  for 
sorption  of applied P, and most P lost  was  believed to  be lost in  surface runoff 
attached to the eroded sediments (Russell, 1957). Recent research has indicated that 
P is also lost in dissolved form in runoff (Cullen, 1991; Nash and Murdoch, 1996 a;   14 
 
Nelson et al., 1996). For example, most P in runoff from dairy pastures in Southern 
Australia was in a dissolved (< 0.45 µm) form (Nash and Murdoch, 1997; Fleming 




Fig. 1.3. Conceptual model of P sources and transporting processes from the 
landscape (McDowell et al., 2003). 
 
 
In dairy areas of South Australia, P is mobilized in runoff as PP attached to 
the mineral and organic material and as DP in solution (Nash et al., 2005). In general, 
PP was the major portion (75-90 %) of the P transported in runoff from cultivated 
land (Sharpley et al., 1991 a), while DP was the major portion of the TP transported 
in  runoff from  the non-cultivated lands such as  pastures  and fields  with  reduced 
tillage. In terms of their impact on eutrophication of water bodies, PP is initially less 
available to algae and plant uptake than DP because of its chemical form in mineral 
(particularly Fe, Al and Ca) and organic compounds. The availability of PP to plants 
and algae is variable, ranging from 10-90 % of TP, yet can represent a long-term   15 
 
source of P for algae and plant uptake from the water body. Dissolved inorganic P is 
100 % available to plants (Nurnberg and Peters, 1984) whereas the major portion of 
OP  is  stabilized  in  relatively  recalcitrant  organic  compounds  and  relatively 
inaccessible to enzymic hydrolysis.  
   
  Dissolved RP concentration in surface runoff is directly related to soil test 
phosphorus (STP) concentration in the topsoil (Daniel et al., 1994; Sharpley, 1995; 
Pote  et  al.,  1996,  1999  a).  The  level  of  STP  at  which  soil  CaCl2-P  (solution  P) 
concentration dramatically increased relative to STP is termed the change point and 
was also found to relate well to the bicarbonate-extractable-P concentration in the 
field. At STP above the change point, significant P leaching losses occurred (Fortune 
et al., 2005). The change point proved to be a useful tool for predicting potential P 
release  from  soils,  and  helping  to  determine  maximum  acceptable  bicarbonate-
extractable-P concentrations in soils, below which no significant P losses by leaching 
occur  (Fortune  et  al.,  2005).  Change  point  can  be  a  conveniently  used  as  a 
management tool to estimate the level of STP at which the risk of P loss increases.  
 
The  amount  of  P  lost  in  runoff  is  affected  by  many  factors  such  as 
concentration and forms of P in soils, runoff volume, sediment concentration and 
depth of mixing between soil and runoff water (McDowell et al., 2004). A number of 
studies have investigated the forms of P in the top 0.05–0.30 m of the soil profile 
(McDowell and Sharpley, 2001; Turner et al., 2003) and the relationship between 
soil P status and P concentration in runoff (Sharpley, 1995; Pote et al., 1999 a). 
However, there has been no comprehensive examination of the relationships between 
soil P status (i.e. fertility), the forms of soil P (organic vs inorganic) in the top 0.01 m 
(the zone of soil/runoff interaction), and the P forms mobilized in surface runoff   16 
 
from low fertility soils. Furthermore, there has been limited detailed examination on 
stratification of P in the top 0.10 m of the soil, despite the large potential reduction in 
runoff P export that may result from de-stratification (Sharpley, 2003). 
1.2.4.2. Throughflow or subsurface flow 
   
Throughflow or lateral subsurface flow is the movement of water through 
near-surface soil and at the interface of A and B horizons (Anderson and Burt, 1990) 
and  is  gradually  generated  through  matrix  or  macropore  pathways.  Hydraulic 
conductivity determines the rate of water flow as throughflow in the soil profile. In a 
sand soil, water moves rapidly in throughflow via macropores compared to clay soils 
(Sowles, 2005). Phillips et al. (1989) showed that water from a saturated soil entered 
macropores if they were already wet. Lateral flow (Morgenstern and Efimov, 1993; 
Schulein, 1998) was  found to  be crucial for nutrient  losses  in  hilly regions  with 
heterogeneous sediments (Hantschel and Lenz, 1993).  
 
Subsurface P movement occurs as a function of many processes (Magid et al., 
1999): P desorption by the soil matrix, P release through reductive dissolution of iron 
oxides, P dissolution from P-enriched particles and movement of PP from detached 
particles. The mobilized P enters into preferential flow via macropores and colloid- 
mediated P transport (Makris, 2006). Research has shown that throughflow P losses 
constitute a major proportion of TP loss from soils with well defined macropores 
(Heathwaite  and  Dils,  2000)  but  this  P  might  be  as  DP  or  PP.  Particulate  P  in 
throughflow  includes  P  associated  with  soil  colloids  and  OM  (Zhang  Ming  Kui, 
2008). Some studies reported DP as major P loss in throughflow compared to PP 
(Stamm et al., 1998; Hooda et al., 1999), while other have reported the dominance of 
PP over DP loss in throughflow (Haygarth et al., 1998; Simard et al., 2000; Uusitalo   17 
 
et al., 2001). Concentrations and forms of P in throughflow could vary with soil type 
(Hooda et al., 1999; Simard et al., 2000).  
 
Several studies suggested that P mobilization occurred in association with 
dispersible colloidal particles that were mobile in throughflow (Hesketh et al., 2001; 
Hens and Merckx, 2002; McGechan and Lewis, 2002; de Jonge et al., 2004 a, b; 
Siemens  et  al.,  2004).  McKergow  et  al.  (2006)  found  nutrient  especiaily  P,  and 
sediment transport by throughflow was a dominant process in pasture catchments of 
the  south  west  of  Western  Australia,  in  particular  within  the  B  horizon  and  this 
subsurface flow carried P loads three times greater than surface runoff.   
1.2.4.3 Leaching 
 
Leaching is  one of the important  processes of  P loss from  soil in  certain 
conditions  through  preferential  flow  pathways,  and  macropores,  and  hence  is 
particularly important in organic soils (low P sorption) and sand soils. Conventional 
wisdom has asserted that P binds so tightly to soil that the only pathway for P loss to 
the environment is soil erosion (Borling, 2003). The P content of water percolating 
through the soil profile is generally low due to P sorption in sub-soils. Exceptions 
may  occur  in  organic  or  peaty  soils,  where  organic  matter  may  accelerate  the 
downward movement of P together with organic acids and Fe and Al compounds 
(Fox and Kamprath, 1971; Duxbury and Peverly, 1978; Miller, 1979). Similarly, P is 
more susceptible to movement through sand soils with low P-sorption capacities and 
in soils which are waterlogged, where conversion of Fe (III) to Fe (II) increases 
solubility of Fe-bound phosphates and OP mineralization (Ozanne et al., 1961; Gotoh 
and Patrick, 1974).    18 
 
1.2.4.4 Sorption desorption processes 
 
Sorption is a phenomenon involving the transfer of P from solution to the 
surface of the solid phase in soils (Sharpley, 2005). The sorption process involves 
two steps: adsorption, the accumulation of P on the surface of solid soil constituents; 
and absorption, the diffusion of P into solid soil constituents (Sposito, 1986). At 
higher  P  concentrations  or  longer  period  of  time,  P  precipitation  also  occurs. 
Phosphorus sorption mainly consists of two processes,  a relatively fast reversible 
adsorption process and a relatively slow reversible precipitation process (van der Zee 
et al., 1988): it is difficult to distinguish between the two. The addition of P into the 
soil via soluble fertilizers or in byproducts causes an immediate increase in the P 
concentration of soil solution. This P participates in the sorption and precipitation 
processes. Sorption processes are reversible and added P is available for plant uptake 
or susceptible to losses in surface runoff. Solid phases formed may later convert to 
less soluble forms  and  sorption  continues  such that soil solution  P concentration 
decreases with time along with a decrease in plant available P and susceptibility to 
runoff losses (Sharpley, 2005).  
1.2.4.5 Soil solution P 
 
The  term  available  P  is  used  to  describe  the  TP  pools  usable  by  plants   
(Holford,  1997).  It  includes  the  quantity  of  P  that  supplies  the  soil  solution  (P 
quantity) and the instantaneous P concentration in soil solution (P intensity). These 
two factors are linked by soil P sorptivity or buffer capacity. The soil buffer capacity 
is a function of sorption capacity and sorption strength which control the rate of 
desorption and diffusion (Holford and Mattingly, 1976). Soil OP mineralization also 
plays an important role in the soil P cycle and release of available P to soil solution 
(Oehl et al., 2004).   19 
 
The measure of P intensity relates to the P immediately available for plant 
uptake or for P loss if movement of P-rich soil solution occurs. Over the long–term a 
measure of P intensity is of little value unless accompanied by an estimate of the size 
of the supplying pool (McDowell and Condron, 1999). McDowell et al. (2001 a) 
showed that the P isotopically exchangeable for up to 24 h was best related to P loss 
in  soil  solution  and  in  overland  and  subsurface  flow.  The  relationships  between 
Mehlich-3  extractable  P  or  Olsen  P  and  P  in  overland  flow  or  subsurface  flow 
indicated marked increase in P loss above a threshold in STP (McDowell et al., 2001 
b). Such thresholds are soil specific and can also vary with management.  
1.2.5. Phosphorus losses from CSA in relation to soil management 
practices 
   
Farm management practices such as tillage, residue cover, fertilizer type, rate, 
placement and timing have important impacts on P losses from cropland (Bundy et 
al., 2001). In addition, the effects of extent of prior leaching and time of contact with 
the  soil  may  influence  P  losses  to  drainage  during  the  wet  winter  period  of  a 
mediterranean climate (Weaver et al., 1988). Soil P tests can be used to provide an 
assessment of the risk of P losses in runoff (Pote et al., 1996; Kleinman et al., 2000; 
Andraski and Bundy, 2003). However, soil P test and interpretation guidelines were 
developed initially to guide soil fertility management by approximating the pool of 
soil P available for crop growth. Specifically, STP interpretations (i.e. low, medium, 
optimum, high) are based on the expected yield response of a crop to P, and cannot 
be  directly  interpreted  as  estimates  of  environmental  risk,  such  as  runoff  P 
enrichment potential.  However, recent research has shown that when soils have not 
received recent additions of P from manure and/or fertilizer, STP is strongly related 
to DP in runoff (Sharpley et al., 1999).   20 
 
1.2.5.1 Effect of cultivation practices on P stratification 
 
Changes in cultivation practices have potential impact on P losses and there 
are numerous investigations reporting P losses in relation to tillage practices over a 
wide  range  of  soils,  crops  and  slopes  (Rekolainen  et  al.,  1999).  Crop  residue 
management affects P cycling and availability as a function of residue amount, type, 
and  degree  of  incorporation  with  tillage.  Sharpley  and  Smith  (1989)  found  that 
mineralization and leaching of residue P were greater when residues of several crop 
types  were surface-applied rather than incorporated. A greater amount of residue 
increases the amount of P being cycled and, particularly if left on the surface of the 
soil will reduce evaporation losses and keep surface soil moist for more days during 
the growing season, thereby enhancing microbial activity and mineralization. Such 
secondary flows of P from crop residues can increase both the concentration and 
bioavailability of P transported in runoff (Langdale et al., 1985; Sharpley et al., 1992; 
Seta et al., 1993). 
   
The  increased  adoption  of  reduced  tillage  practice  and  the  near  surface 
application of non-mobile nutrients at the time of planting have resulted in increased 
stratification of nutrients in the surface 0–10 cm depth of soil (Singh et al., 2005). A 
study conducted by Andraski et al. (1985) showed that surface runoff, and both soil 
and TP losses were consistently higher for conventional tillage (moldboard plow) 
compared  to  chisel,  till-plant,  and  no-till  systems.  Many  studies  have  found  less 
consistent effects of tillage on runoff volume. Mueller et al. (1984 a b) found higher 
runoff losses for no-till compared to conventional and chisel tillage. Kimmell et al. 
(2001)  studied  the  influence  of  tillage  and  P  placement  on  runoff  volume  and 
sediment and P losses in runoff. The TP losses were lower for no-till compared to 
ridge-till or chisel disk tillage, but soluble and bioavailable P losses were higher for   21 
 
ridge  till  and  no-till  compared  to  chisel-disk  tillage.  Significantly  higher  runoff 
volume and sediment losses from conventional-tilled treatments compared to chisel 
plow and no-till systems were found by Blevins et al. (1990).  
1.2.5.2 Method of P application 
 
The conversion of P fertilizers to soluble forms and plant uptake of applied P 
depends on the method of application (Halvorson and Black, 1985 b; Halvorson, 
1989; Sander et al., 1991; Hedley et al., 1995). Banding of P near seed results in 
more  uptake  of  P  by  plants  than  broadcast  application  (Grant  et  al.,  2001).  The 
incorporation of added P contributes less P in surface runoff but potentially more in 
subsurface  flow  (Djodjic,  2001)  and  resulted  in  significantly  lower  DP  losses  as 
compared to unincorporated, surface-broadcast applications (Romkens et al., 1973). 
Similar results were reported by Mueller et al. (1984 b). Dissolved and bioavailable P 
losses were significantly lower for subsurface band applications of P compared to 
broadcast applications for ridge-till and no-till (Kimmell et al., 2001).    
1.2.5.3 Time of application  
 
Phosphorus loss is influenced by the amount and time of fertilizer or manure 
application and rainfall (Sharpley and Rekolainen, 1997). Time interval between P 
application and irrigation or rainfall is critical: a minimum of 3-4 days without rain is 
required  to  avoid  excessive  P  loss  (Bush  and  Austin,  2001;  Nash  et  al.,  2004). 
Pasture and tree crops often receive P dressings applied to the soil surface without 
incorporation and P can be mobilized in runoff events that follow soon after. On 
grassland, the situation is made worse by the fact that there is limited opportunity for 
incorporation. Therefore badly timed P application results in higher loss of P from 
grassland (Preedy et al., 2001; Withers et al., 2003).    22 
 
1.3 Thesis aims and objective  
 
The  present  investigation  was  focused  on  the  upper  Fitzgerald  River 
catchment, which is located 20 km east of Jerramungup, 400 km south east of Perth 
(Fig. 1.4). The upper catchment has an area of about 104,000 ha. The catchment has 
a mediterranean-type climate with cool wet winters and dry hot summers. The annual 
rainfall  ranges  from  400  to  450  mm  (Hill  and  Schiller,  2003).  The  soils  in  the 
catchment  are  classified  as:  Hypocalcic  Mottled-Hypernatric  Brown  Sodosol; 
Acidic-Sodic  Magnesic  Brown  Dermosol;  Hypocalcic  Petrocalcic  Black  Sodosol; 
Mottled-Sodic  Eutrophic  Brown  Kandosol;  Eutrophic  Mottled-Mesonatric  Brown 
Sodosol; Eutrophic Mesonatric Brown Sodosols (McArthur, 2004).  
 
Overall,  most  clearing  of  native  vegetation  in  the  upper  Fitzgerald  River 
catchment  occurred  from  1960  to  1988  (information  gathered  from  farmer 
interviews). The cleared land of the catchment is used for winter grain cropping and 
pasture for livestock. The cropping rotations and production mix vary due to soil 
type, capital structure and individual preference of each farm. In addition to crops 
and stock, 35 % of land is within private bush remnants, nature reserves, crown land 
and national park (Hill and Schiller, 2003). Fertilizer management practices have 
continued from the time since the land was cleared and include annual P fertilizer 
application (superphosphate) to maintain the productivity of pastures on natuarally 
infertile soil. Traditional land management practices paid little attention to offsite 
nutrient export hazard (Weaver and Reed, 1998).  
 
The fertilization history data show that the western sector was cleared earlier 
(1960-70) while the eastern sector (Chapter 2, Fig. 2.1) was cleared 10 years later 
(1970-80). The average P input in the western sector was 15 kg P/ha/year over 36   23 
 
years whereas the eastern sector has received an average 13 kg P/ha/year over 16 
years. From the total agricultural land ~ 60 % were covered under cereals and ~ 40 % 
under  pasture.  The  P  fertilizer  was  broadcast  on  pasture  (superphosphate  @  100 
kg/ha) and drilled with cereals (DAP @ 50-60 kg/ha). The slope across the farms in 
the catchment varied from gentle to moderate. Soils in the catchment are prone to 
wind erosion, when the land is overgrazed (sheep), and mostly noted once in 5 years. 
Runoff  carries  away  soil  particles  into  dams  or  waterways  mainly  with  extreme 
events, resulting from heavy rainfall in short time periods (Personnel communication 
with farmers). 
 




Fig. 1.4. Upper Fitzgerald River catchment showing subcatchment boundaries. 
 
 
The head waters of the Fitzgerald River flow south from cropped land into 
the Fitzgerald River National Park (FRNP) which is an UNESCO biosphere reserve 
of international significance and extends to the spectacular coastline of the Southern   24 
 
Ocean. The rivers add character to the park and are important components of their 
diverse ecosystems. Erosion and sedimentation is predicted to be the major problem 
on the Fitzgerald River (Overheu, 2002). Erosion not only causes a loss of soil but 
also  affects  the  system  downstream  where  it  contributes  to  significant  sediment 
deposition  in  the  national  park.  Water  draining  from  the  upper  Fitzgerald  River 
agricultural  catchment  can  have  direct  impacts  on  the  biosphere  reserve.  Higher 
stream nutrient concentration results in eutrophication, production of dense, toxic, 
blue green algal blooms and a decline in ecosystem health (Hill and Schiller, 2003).  
 
To understand P transport from the catchment, this study focused on the P 
risk areas within the catchment that are most vulnerable to P loss by surface runoff 
and subsurface flow in relation to the hydrology of the catchment (Heatwole et al., 
1987;  Prato  and Wu, 1991;  Heathwaite  and Johnes,  1996;  Gburek  and Sharpley, 
1998).  The P release from these areas depends upon soil, crop and management 
practices  whereas  P  movement  from  the  catchment  results  from  surface  runoff, 
erosion, and subsurface flow. The transport of P from cropping land to streams is 
likely in the South coast region of Western Australia but has not been measured. The 
Fitzgerald River Catchment Demonstration Initiative (FRCDI) collaborated with us 
(Murdoch  University  and  CSIRO)  to  develop  a  clearer  understanding  of  the 
processes and rates of off-site export of P and sediments from cropping land into the 
FRNP with the following objectives:  
 
1. To predict the P risk areas in relation to soil physico-chemical properties and 
land use across the upper Fitzgerald River catchment;  
2. To quantify the distribution of P among fractions of different plant availability 
in soils of the upper Fitzgerald River catchment;   25 
 
3. (a) To assess the P sorption characteristics of soils of the upper Fitzgerald 
River catchments and (b) to identify soil properties associated with P sorption 
to assess the potential mobility of P from soils; 
4. To assess the relationship between soil P status and degree of stratification in 
the top 0-10 cm of soil along hill slopes to predict its impact on runoff P 
losses; 
5.  To  measure  phosphorus  mobility  through  intact  soil  cores  to  quantify  the 
effects of (a) soil type and (b) rates of application on P leaching; 
6. To determine processes of P mobility from the Fitzgerald River catchment 
following application of different P rates (a) to understand the mechanisms of 
P  transfer  to  surface  waters  (either  by  surface,  subsurface  pathways  or 
leaching) either in solution or attached to suspended sediment and (b)  factors 




Characterizing soils to predict the P risk areas in a 
mixed farming landscape on the south coast of 
Western Australia  
2.1 Introduction 
 
Soils  of  south  west  Western  Australia  are  strongly  weathered  and  low  in 
native plant available P (McArthur, 1991). The natural P status of most of these soils 
was low compared with many less highly weathered soils elsewhere (Samadi and 
Gilkes, 1998). The cleared native land is used for winter grain cropping and pasture 
for livestock. The crop rotations and production mix on each farm vary due to soil 
type  and  individual  preference  (Hill  and  Schiller,  2003).  Fertilizer  management 
practices  have  continued  since  the  land  was  cleared  and  include  mostly  annual 
fertilizer application to maintain the productivity of pastures on natuarally infertile 
soil  (Weaver  and  Reed,  1998).  Phosphate  fertilizers  therefore  have  played  an 
important role in local agricultural development over the last 100 years. Applications 
of P fertilizers since land clearing up to 100 years ago led to a gradual build up of 
soil P (Samadi and Gilkes, 1998), leading to a concern about P losses from soils and 
transport  to  nearby  streams  and  lakes  (Mckergow  et  al.,  2006).  The  important 
environmental issue associated with the use of phosphate fertilizers is the export of 
small quantities of P, often less than 5 % of that applied (Nash and Murdoch, 1997; 
Nash, 2002) into surface waters and, to a lesser extent, ground water.  
 
The major gap in current knowledge is to identify the risk of P loss from 
agricultural land to streams, through an understanding of how P is retained within 
complex landscapes and released to adjacent streams via surface and subsurface flow   27 
 
paths. There are multiple loss-pathways for P from fields, and difficult-to-predict 
reactions, and attenuation of P (both the soluble P and P associated with sediment) 
can  occur  beyond  the  application  zone.  The  contributing  area  for  P  loss  from 
agricultural  sources  depends  on  the  coincidence  of  source  (soil,  crop  and 
management)  and  transport  (runoff,  erosion  and  channel  processes)  factors 
(Heathwaite et al., 2000). Much of the water and nutrient runoff from catchments 
comes from small areas and over relatively short time periods (Dillon and Molot, 
1997; Pionke et al., 2000). Surface runoff generated by saturation-excess flow is 
driven from spatially and temporally dynamic source areas (Beven and Wood, 1983) 
and can be initiated with low rainfall intensities if they occur on an already wet 
landscape or on areas with non-wetting soils.  
 
Land management activities, such as fertilizer application, manure spreading, 
cultivation  and  grazing  increase  P  exports  to  streams  (Nash,  2002)  and  research 
studies showed that the major variable affecting P exports was the timing of surface 
fertilizer addition in relation to when surface runoff occurred.  
 
The transport of P from cropping land to streams is likely in the South coast 
region of Western Australia but has not been measured. The FRCDI collaborated 
with us (Murdoch University and CSIRO) to develop a clearer understanding of the 
processes and rates of off-site export of P and sediments from cropping land into the 
FRNP. This park is of international significance and is listed under the UNESCO 
Biosphere Program. The aim of this chapter was to predict the P loss risk areas in 
relation  to  soil  physico-chemical  properties  and  land  use  management  across  the 
upper Fitzgerald River catchment.   28 
 
2.2 Materials and methods 
2.2.1 Catchment management and environment 
 
Catchment management and environment of the FRCDI were described in 
Chapter 1 (Section 1.3). Farm properties in the catchment were surveyed in order to 
define patterns of fertilizer use, nutrient status in relation to land use, P application 
rate and other factors to identify areas of potential high nutrient input and loss. For 
collection of fertilization history, farmers in the catchment were interviewed about 
the farm clearing history, fertilizer use and land use type (Appendix 2.1). 
 
 
           
Fig. 2.1. Sampling locations in the upper Fitzgerald River catchment (Closed circles 
indicate sampling locations) . 
2.2.2 Sampling method 
 
Soil sampling locations were selected based on an earlier catchment soil P 
map,  and  on  an  hydrological  risk  map  (HRA,  Appendix  2.5)  predicted  by  Ruhi 
Ferdowsian (DAFWA, Albany) which was based on slope, land form and elevation. 
The framework used for assessing P loss risk was based on the concept of CSA (See 
section 1.2.2). Soil sampling was conducted in the months of March and May 2006 
Eastern Sector  Western Sector   29 
 
before  the  rainy  season.  Depth-wise  (0-10,  10-20,  20-30  cm)  soil  samples  were 
collected from 16 % of locations (64 data points from 400 points) described in the 
earlier soil P map (Fig. 2.7) of the catchment in accordance with a sampling matrix 
described below. Samples were also collected from bush land (uncleared land) in the 
catchment to compare with nutrient status of cropping land. The sampling points are 
shown  in  Fig.  2.1  and  split  into  three  categories  based  on  critical  Colwell-P 
concentrations for productivity of agricultural  crops viz; high P (P > 30 mg/kg); 
medium  P (P  15-30 mg/kg)  and;  low P (P  < 15 mg/kg)  (Hazelton and Murphy, 
2007). Samples were processed, air-dried and passed through a 2 mm sieve prior to 
physico-chemical analysis.  
Soil sampling matrix  
 
  High P (HP) 
(>30  mg  Colwell-
P/kg) 
Medium P (MP) 
(15-30 mg Colwell-
P/kg) 
Low P (LP) 






(High P risk areas) 
Critical source area 
(CSA) (14) 
HR-MP  (Moderate 
P risk areas) (4) 
HR-LP (Potential P 





LR-HP  (Low  P 
risk) (11) 
LR-MP  (Low  P 
risk) (11) 
LR-L P  (No risk) 
(16) 
 
Note: ( ) represents number of samples collected. 
           * - hydrological risk defined by hydrological risk assessment (Appendix 2.5)  
           prepared by Ruhi Ferdowsian (DAFWA, Albany) 
   30 
 
2.2.3 Soil analysis  
 
Soil pH and electrical conductivity (EC) were measured in water using a 1:5 
soil/solution ratio and pH was also measured using a 1:5 soil/solution ratio using 
0.01 M CaC12. Organic carbon (OC) was determined by wet combustion based on 
the  Walkley and  Black  method (1934). The particle size was  analysed  using the 
international pipette method after removing organic matter (Gee and Bauder, 1986). 
The CaCl2-P was extracted using a 1:5 soil/0.01 M CaCl2 ratio on an end-over-end 
shaker  for 18 h at room  temperature (Moody  et  al.,  1983). The soil extract  was 
centrifuged  (3000  r.p.m.)  and  P  was  analysed  by  the  molybdate  blue  method 
(Murphey  and  Riley,  1962).  The  bicarbonate  extractable  P  (Colwell  P)  was 
determined using the procedure described by Colwell (1963). The extraction was 
conducted using a 1:100 soil/0.5 M NaHCO3 ratio (adjusted to pH 8.5) on an end-
over-end shaker for 16 h and soil extract was filtered through a 42 Whatman filter 
paper for P analysis by the molybdate blue method (Murphey and Riley, 1962). Total  
P (TP) was determined by digestion of soil with HClO4 (Jackson, 1958). Dithionite-
citrate-bicarbonate  extractable  Fe  and  Al  (FeDCB  and  AlDCB)  were  determined 
following the method of Mehra and Jackson (1960). Poorly crystalline forms of Fe 
and Al (Feox and Alox) were determined using a 4 h extraction in 0.2 M ammonium 
oxalate (pH 3.0) with a 1:100 soil: solution ratio (McKeague and Day, 1966). Iron 
and Al bound by organic matter (Fepyro and Alpyro) were determined by extracting the 
soil for 16 h in 0.1 M sodium pyrophosphate (pH 10) using a 1:100 soil solution ratio 
(McKeague, 1967). To clear the pyrophosphate extracts of suspended particles, a few 
drops of superfloc solution (0.2 %) were added and the solution was then centrifuged 
at  4000  r.p.m.  for  30  min.  The  Fe  and  Al  concentrations  in  the  extracts  were 
determined  by  inductively  coupled  plasma  atomic  emission  spectroscopy  (ICP).   31 
 
Exchangeable bases and cation exchange capacity was determined by treating 1 g 
soil with 40 ml 0.01 M silver thiourea and mechanically shaking end-over-end at 
25






+ by ICP (Gillman, 1979).  
2.2.4 Nutrient Accounting System (NAS)  
 
The NAS software developed by CSIRO (M. Wong) was used to calculate the 
nutrient balance. It consists of an database and a spread sheet calculator. A manual 
provides a  step-by-step  example to  take the user through the system  and a brief 
explanation  of  the  importance  and  method  of  calculating  nutrient  balance.  The 
database holds average grain and fertilizer nutrient contents and annual rainfall data 
for Western Australia wheatbelt towns. It also contains typical soil type data that is 
used with rainfall to calculate nitrate leaching from relationships developed using the 
APSIM model. 
2.2.5 Data analysis and mapping 
 
General  statistics  (mean,  standard  error  and  regression  analysis)  were 
calculated using Excel 2003 for Windows. Rank correlation analysis of different P 
forms  and  soil  properties  was  carried  out  using  SPSS  software  version  13  Mac 
computer package. Change point for CaCl2-P relative to Colwell-P was plotted using 
the  regression  stick  method  (Smet  and  Ward,  2006).  Analysis  of  variance  was 
performed using Statistic 8 software for analyzing the significant effect of time on P 
status. Sampling points measured in 2006 for Colwell-P were plotted to produce a 
map showing Colwell-P distribution across the catchment. The P map was produced 
using Arc view and inverse distance weighted technique in Arc GIS version 9 by   32 
 
creating 500 m cell size based on the density of sampling points which was lower 
than the original mapping. 
2.3 Results 
 
Most clearing of native vegetation in the upper Fitzgerald River catchment 
occurred  from  1960  to  1988.  The  fertilization  history  reported  by  farmer‟s  data 
showed that the western sector (Fig. 2.1) was cleared earlier (1960-70) while the 
eastern sector (Fig. 2.1) was cleared 10 years later (1970-80). The P balance, which 
was calculated using NAS software, decreased with increased P input between 1991 
to 2003 (Fig. 2.3) in the catchment. The average P balance in the western sector was 
+10 kg P/ha/year over 36 years whereas the eastern sector was +9 kg P/ha/year over 
16 years of P fertilization history.  
 
Surface Colwell-P and CaCl2-P values in the western sector were double (21 
mg P/kg, 2.57 mg P/kg) those of soils in the eastern sector (11 mg P/kg, 1.02 mg 
P/kg). Factors such as land clearance history, land use management, soil physico-
chemical properties, different soil types between sectors and rainfall distribution of 
the catchment might have influenced the P status of soil and enhanced P mobilization 
and transport from the surface soil in the forms of erodible sediments (McKergow et 
al., 2006). The soil bicarbonate extractable P and OC contents were higher in soils 
cleared earlier than soils cleared after 1973 and the uncleared soils of the catchment 
(Fig. 2.2 a b, P < 0.05 Appendix 2.4). The eastern sector of the catchment had sand to 
sandy loam soil while western sectors had loamy sand to sandy loam and heavy clay 
soils. Higher values of Feox and Alox were observed in western sector in comparison 
to  eastern  sector.  Surface  soil  properties  of  the  catchment  within  different  land 
clearance periods for the Fitzgerald River catchment were shown in Table 2.1.   33 
 
The physico-chemical properties of 64-soil samples collected at two depths 
from  the  catchment  are  presented  in  Table  2.2.  The  EC  values  in  1:5  soil/water 
extracts for the surface (5.6-18.3 mS/m) and subsurface (7.2-54 mS/m) had a wide 
variation irrespective of soil types. The soils were non-saline both in surface and 
subsurface  except  subsurface  loam  and  silty  clay  loam  soil,  which  were  slightly 
saline. The EC increased with depth in all soils except sandy loam soil where the 
reverse trend was observed. The pH in 1:5 soil/water extracts ranged from 5.5-8.6 in 
surface  and  5.9-9.4  in  the  subsurface  layer.  In  general,  surface  soils  were  acidic 
except silty clay loam soils, which were alkaline. The subsoils were alkaline in the 

















































Fig. 2.2. Influence of time after clearing on (a) soil Colwell- P and (b) organic 
carbon (OC) status of the catchment. Vertical bars represent standard error of mean. 
For statistical analysis of the effect of land clearance on Colwell-P and organic 

































P input Balance P  
 
Fig. 2.3. Phosphorus balance (Input minus removal in harvested product) in the 
Fitzgerald River catchment calculated by using Nutrient Accounting Software (NAS) 




Fig. 2.4. Relationship between concentration of CaCl2-P and Colwell-P in the 
catchment. The arrow indicates the threshold value which was plotted using the 




15 mg P/kg   35 
 
Table 2.1. Surface soil properties (0-10 cm) in relation to land clearance history of the upper Fitzgerald River catchment. Soils sampled in May 2006. 
 
 
                Before 1966 (n=22) 
 
    1966-73 (n=17) 
 
           After 1973 (n=10) 
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Fig. 2.5. (a b) Surface (0-10 cm) and subsurface (10-30 cm) soil chemical properties, 
(c) stratified P concentration and (d) linear relation between Colwell-P at 0-10 cm 
and 0-1 cm depth in the catchment. Data from uncleared bush excluded from data 
sets. 
 
The TP in topsoil and subsoil varied from 26-138 mg/kg and 24-55 mg/kg 
respectively, in the catchment and decreased down the profile. The highest TP was 
noted in surface silty loam soil.  Total P was negatively related with sand (r =  -
0.35**, P < 0.01) and positively with clay content (r = 0.41**, P < 0.01) in surface 
soils. The surface and subsurface labile P (CaCl2-P) varied widely from 0.61-3.10 
mg/kg and 0.05-0.80 mg/kg. The highest value of CaCl2-P was recorded in surface 
loam soil. The surface Colwell-P was higher across the agricultural land than for 
uncleared  areas,  which  were  never  fertilized  (<  8  mg/kg).  The  Colwell-P 
concentration  at  which  P  extracted  by  0.01  M  CaCl2-P  increased  linearly  with 
b 
a 
d  c   37 
 
Colwell-P, the change point or threshold P value, was 15 mg P/kg Colwell-P (Fig. 
2.4). The CaCl2-P was negatively correlated with all Fe and Al fractions in subsoil 
(Table 2.4 and 2.5). Average Colwell-P varied from 3-34 mg/kg in surface and 1.5-
11 mg/kg in subsoil irrespective of soil types and decreased down the profile across 
the catchment except in the sand soil (Fig. 2.5 a). The highest Colwell-P value was 
recorded for silty loam (34 mg/kg) at the surface followed by clay loam (25 mg/kg) 
and loam soils (24 mg/kg). Significant positive correlation was observed between 
Colwell-P  and  OC  (r  =  0.47**,  P  <  0.01)  in  the  surface  soils.  The  soils  in  the 
catchment exhibited P stratification with depth and the concentration of Colwell-P 
was highest in the top 0-1 cm increment and decreased with depth. The depth wise 
distribution of Colwell-P is shown in Fig. 2.5 (c). Average Colwell-P was 37, 34, 25, 
19 mg/kg for 0-1, 1-2, 2-5 and 5-10 cm depths respectively, in the catchment. 
 
Highest values of exchangeable Na were noted in the surface silty clay loam 
(1.5 cmol/kg) followed by silty loam (1.4 cmol/kg) and loam soil (1.25 cmol/kg). 
Highest exchangeable Na content (Fig. 2.5 b) and exchangeable sodium percentage 
(ESP) (25 %) was recorded for all soils at depth. The CEC had a wide variation both 
in surface (2.5-31 cmol/kg) and subsurface layers (2.5-30.0 cmol/kg). Low CEC was 
found in all soil types excluding silty clay loam soil, which had high CEC value 
(surface = 31.2 cmol/kg, subsoil = 30.5 cmol/kg). An increasing trend was noted for 
exchangeable Mg, Na and CEC with respect to depth. The higher percent OC was 
found in the surface (1.37-2.53 %) and the status was low in the subsoil (10-30 cm) 
(0.45-0.77 %). Particle size analysis showed that the topsoil (0-10 cm) consisted of 
23-92 % sand, 4-40 % silt and 4-38 % clay. The highest percent clay content was 
found in surface silty loam soil (28 %). The amount of Fe extracted followed the 
sequence FeDCB > Feox > Fepyro (Table 2.2) irrespective of soil types and depth. The   38 
 
concentration of FeDCB increased at depth while Feox decreased irrespective of soil 
types.  Generally  oxalate  extractable  Al  increased  with  depth  in  the  soil  while 
dithionite extractable Al decreased irrespective of soil types. Oxalate extractable Fe 
and Al significantly positively correlated with clay content for both the depths (Table 
2.4 and 2.5) and with OC in surface soils (Table 2.4). Dithionite extractable forms of 
Fe and Al were positively correlated in subsoil samples (r = 0.73**, P < 0.01). 
 Table 2.2. Mean and standard error (in parenthesis) of properties of surface (0-10 cm) and subsoils (10-30 cm) of the upper Fitzgerald River catchment. Soils 
are categorized by topsoil texture class. 
 
  Clay loam 
 
Silty clay loam 
 
Silty loam  Loam  Sandy loam  Loamy sand  Sand 
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Note: EC - electrical conductivity, TP - total P; OC - organic carbon; Fepyro/Alpyro - pyrophosphate extractable Fe and Al; Feox/Alox - oxalate extractable Fe/Al; FeDCB/AlDCB - citrate/dithionite extractable Fe/Al; 






















































































































































































Table 2.4. Rank correlation coefficient (r) between various surface (0-10 cm) soil properties of the upper Fitzgerald River catchment. 
 
 
Note: EC- electrical conductivity; TP - total P; OC - organic carbon; Fepyro/Alpyro - pyrophosphate extractable Fe and Al; Feox/Alox - oxalate extractable Fe/Al; FeDCB/AlDCB -citrate/dithionite 
extractable Fe/Al; CEC - cation exchange capacity; Exch. Na – exchangeable sodium; ** Correlation is significant at the 0.01 level   * Correlation is significant at the 0.05 level. 
 
    EC  pH  CaCl2-P  Colwell-P  Na  CEC  OC  Alpyro  Fepyro  Alox  Feox  AlDCB  FeDCB  TP  Sand  Silt  Clay 
EC  1                                 
pH  0.46(**)  1                               
CaCl2-P  -0.23  -0.25  1                             
Colwell-P  0.17  -0.01  0.36(*)  1                           
Exch. Na  0.80(**)  0.63(**)  -0.40(*)  0.03  1                         
CEC  0.54(**)  0.77(**)  -0.32  0.22  0.53**)  1                       
OC  0.27  0.18  -0.05  0.47(**)  0.09  0.46(**)  1                     
Alpyro  0.38(*)  -0.13  -0.09  0.37(*)  0.01  0.33  0.73(**)  1                   
Fepyro  -0.01  -0.09  -0.29  0.30  0.06  0.12  0.51(**)  0.59(**)  1                 
Alox  0.53(**)  0.53(**)  -0.55(**)  0.22  0.43(*)  0.79(**)  0.59(**)  0.63(**)  0.35(*)  1               
Feox  0.35(*)  0.36(*)  -0.65(**)  0.16  0.43(*)  0.54**)  0.51(**)  0.53(**)  0.66(**)  0.77(**)  1             
AlDCB  0.21  0.07  -0.23  0.32  -0.01  0.23  0.46(*)  0.57(**)  0.20  0.57(**)  0.43(*)  1           
FeDCB  0.10  0.18  -0.42(*)  0.28  0.09  0.39(*)  0.25  0.36  0.30  0.46(**)  0.53(**)  0.67(**)  1         
TP  0.09  -0.01  0.12  0.73(**)  -0.01  0.23  0.60(**)  0.59(**)  0.65(**)  0.35(*)  0.44(*)  0.35  0..34  1       
Sand  -0.51(**)  -0.55(**)  0.38(*)  -0.35(*)  -0.45(**)  -0.73(**)  -0.47(**)  -0.55(**)  -0.27  -0.85(**)  -0.62(**)  -0.53(**)  -0.49(**)  -0.35(*)  1     
Silt  0.53(**)  0.51(**)  -0.44(*)  0.29  0.47(**)  0.69(**)  0.43(*)  0.53(**)  0.24  0.85(**)  0.62(**)  0.53(**)  0.45(**)  0.27  -0.97(**)  1   





Table 2.5. Rank correlation coefficient (r) between various subsurface (10-30 cm) soil properties of the upper Fitzgerald River catchment. 
 
  EC  pH  CaCl2-P  Colwell-P  Na  CEC  OC  Alpyro  Fepyro  Alox  Feox  AlDCB  FeDCB  TP  Sand  Silt  Clay 
 EC  1                                 
 pH  0.72(**)  1                               
CaCl2-P  -0.22  -0.03  1                             
Colwell-P  0.04  0.11  0.30  1                           
 Exch. Na  0.94(**)  0.77(**)  -0.26  -0.01  1                         
 CEC  0.74(**)  0.79(**)  -0.23  0.06  0.81(**)  1                       
 OC  -0.16  -0.17  -0.03  0.17  -0.19  0.02  1                     
 Alpyro  -0.23  -0.45(**)  -0.43(*)  -0.04  -0.22  -0.15  0.48(**)  1                   
Fepyro  -0.18  -0.38(*)  -0.35(*)  0.15  -0.16  -0.04  0.50(**)  0.81(**)  1                 
 Alox  0.49(**)  0.44(*)  -0.36(*)  -0.15  0.52(**)  0.79(**)  0.29  0.20  0.28  1               
 Feox  0.26  0.17  -0.45(**)  -0.05  0.37(*)  0.55(**)  0.25  0.33  0.55(**)  0.73(**)  1             
 AlDCB  0.34  -0.05  -0.47(**)  -0.15  0.31  0.39(*)  0.11  0.31  0.39(*)  0.65(**)  0.55(**)  1           
 FeDCB  0.17  -0.07  -0.41(*)  0.03  0.21  0.33  0.18  0..32  0.58(**)  0.52(**)  0.73(**)  0.80(**)  1         
 TP  0.18  0.07  0.05  0.26  0.18  0.29  0.39(*)  0.12  0.37(*)  0.31  0.29  0.31  0.49(**)  1       
 Sand  -0.45(**)  -0.39(*)  0.01  -0.06  -0.42(*)  -0.67(**)  -0.30  0.05  -0.18  -0.65(**)  -0.53(**)  -0.38(*)  -0.37(*)  -0.40(*)  1     
 Silt  0.42(*)  0.40(*)  0.01  -0.01  0.41(*)  0.56(**)  0.25  -0.08  0.12  0.55(**)  0.49(**)  0.18  0.18  0.27  -0.86(**)  1   
 Clay  0.44(*)  0.38(*)  -0.15  -0.04  0.47(**)  0.72(**)  0.37(*)  0.09  0.29  0.75(**)  0.58(**)  0.49(**)  0.53(**)  0.49(**)  -0.85(**)  0.59(**)  1 
 
 Note:  EC  -  electrical  conductivity,  TP  -  total  P;  OC  -  organic  carbon;  Fepyro/Alpyro  -  pyrophosphate  extractable  Fe  and  Al;  Feox/Alox  -  oxalate  extractable  Fe/Al;  FeDCB/AlDCB  -
citrate/dithionite extractable Fe/Al; CEC - cation exchange capacity; Exch. Na – exchangeable sodium ; ** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 
level.  
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2.4 Discussion 
     
    The present study on soils of the South coast region of Western Australia is 
timely since monitoring of streams of the upper Fitzgerald River catchment from 
2005  to  2007  (M.  Wong,  CSIRO  Personal  communication)  showed  that  TP 
concentrations were consistently above the trigger levels for eutrophication (> 0.02 
mg/l)  in  surface  waters  (ANZECC,  2000).  The  fact  that  streams  in  the  upper 
Fitzgerald River catchment are consistently above the ANZECC standards for stream 
water indicates a need to identify transport processes delivering P into streams, and 
the zones within the catchment from which most P is derived. The present study 
addresses the second of these needs by predicting the CSAs in the catchment and 
through an understanding of how P is retained within soils of the landscape. 
   
  Soil P levels across the catchment were never very high when assessed for the 
0-10 cm layer, but levels in the 0-1 cm layer were more than twice as high. The 
average surface soil (0-10 cm) bicarbonate extractable P in the catchment ranged 
from 3-34 mg/kg irrespective of soil type which is low when compared to other 
studies conducted to predict P losses from agricultural land in southern Australia 
(Dougherty et al., 2006). Such values are also low in relation to crop P requirements 
for maximum yield that are 30 mg/kg in the case of wheat and 20-30 mg/kg in the 
case  of  subterranean  clover  pasture  (Moody  and  Bolland,  1999).  Therefore 
significant P loss from such soils seems unlikely but on the other hand soil P was 
concentrated at the soil surface, and P levels varied spatially in the catchment so that 
the risk of P loss is greater than represented by average values across the catchment 
for  0-10  cm  sampling  depth.  The  CaCl2-P  fraction  has  been  proposed  as  an  
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appropriate measure of potentially mobile P from surface soil (Brookes et al., 1997). 
To  predict  P  loss  risks,  a  threshold  Colwell-P  level  was  calculated  through  the 
change  point,  which  partitions  the  relationships  between  Colwell-P  and  0.01  M 
CaCl2-P available. Above the change point, which was ~ 15 mg/kg, soil solution P 
increased linearly with Colwell-P and therefore the soil potentially releases solution 
P into surface runoff or subsurface drainage (McDowell and Sharpley, 2001). Based 
on the change point of 15 mg/kg, both high risk and moderate risk areas represented 
in Fig. 2.9 are predicted to release P for transport to streams. This change point value 
is below the concentration required by wheat and subterranean clover pastures for 
maximum growth (Moody and Bolland, 1999).  Overall, < 8 % of land area of the 
upper Fitzgerald River catchment had Colwell-P levels > 15 mg/kg and hydrological 
connection to streams. These areas probably represent CSAs of the catchment, where 
the P loss risk needs most intensive management.  
   
  The native vegetation in the catchment was cleared 40-50 years ago and the 
cleared  land  was  used  for  winter  grain  cropping  and  pastures  for  livestock. 
Application  of  P  fertilizaers  (superphosphate)  to  maintain  the  productivity  of 
pastures gradually built up soil P in the catchment but the increase was only clearly 
evident in Colwell-P values after 30-40 years. The higher available P in surface soils 
than  subsurface  soils  regardless  of  soil  types  could  be  ascribed  to  method  of  P 
placement which was broadcast on pastures in the catchment and drilled with seed in 
cropped areas (farmer interviews).  
     
    Soil P levels varied within the Fitzgerald River catchments as shown in the P 
maps (Fig. 2.7 and 2.8). This variability which  can impact on risks of P loss to 
surface water appears to be related to land clearance history, fertilization history and  
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soil characteristics as was reported in another study of catchments near Albany in 
south west Western Australia (Weaver and Reed, 1998). Bicarbonate extractable P 
and  OC  increased  (P  <  0.01,  Appendix  2.4)  with  increasing  time  since 
commencement of agricultural development (Table 2.3 and Fig. 2.2 a b). Bicarbonate 
extractable-P  was  greater  in  soils  cleared  earlier  presumably  because  of  higher 
cumulative P application (through the use of P fertilizers) over time (Fig. 2.2 a). In 
pasture  soil,  Weaver  and  Reed  (1998)  reported  the  pattern  of  nutrient  status  in 
relation  to  fertilization  in  the  south  west  of  Western  Australia  and  found  higher 
bicarbonate P in soils cleared earlier (P < 0.05) for agriculture than from soils cleared 
more recently. In the upper Fitzgerald River catchment, soils developed earlier had 
higher soil OC than those developed more recently but soils developed after 1973 
showed no change in OC compared to uncleared land. 
   
  The P levels between older and present P maps were correlated but due to the 
smaller sample size in the recent survey and the time gap between soil samplings, 
only 31 % of the variation in old soil P levels was explained. The new P values were 
lower  than  older  P  values  (Fig.  2.6).  Varied  spatial  P  distribution  across  the 
catchment suggests that western sectors throughout the catchment had high (> 30 mg 
P/kg) to medium P (15-30 mg/kg) status whereas the eastern sector in particular had 
low to very low P status. The higher P status of western regions of the catchment 
might be due to higher P balance (+10 kg P/ha/year) through cumulative P fertizer 
application over a longer period compared to the eastern sector which had a lower P 
balance  (+9  kg  P/ha/year)  and  shorter  fertilization  history.  The  P  status  of  both 
agricultural  (22  mg/kg)  and  uncleared  land  (6  mg/kg)  in  the  western  sector  was 
higher compared to eastern sectors (13 mg/kg and 4 mg/kg). Soils in the western 
sector of the catchment which had higher clay content, contained higher Fe- and Al  
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oxides and oxyhydroxides that may adsorb P. Such soils are likely to contribute most 
P losses during episodic runoff events resulting from intense rainfall on wet soils or 
after prolonged rainfall (Weaver and Prout, 1993). Phosphorus losses are probably 
related to the finer fractions of soil which are more susceptible to runoff and erosion 
(Bealac and Reckhow, 1982). The removal of fine particles in an erosive event could 
lead to  high P loss from  catchments  with  long history of P fertilizer  application 
especially if P was concentrated near the soil surface (Oliver et al., 1993). Low P 
status in the eastern sector of the catchment might be due to sand to sandy loam 
texture and low Feox and Alox content. Soils in this sector however, might be prone to 
leaching losses along with lower inputs of P over time. 
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Fig. 2.6. Linear relationship between previous and present Colwell-P levels in 
Fitzgerald River catchment. Data were used to plot the old surface soil P (Fig. 2.7) 
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Fig. 2.7. Old surface Colwell-P map (0-10 cm) of upper Fitzgerald River catchment 
(Data for 400 sample points provided by M. Wong, CSIRO, 2005). 
 
 
Fig. 2.8. Present surface Colwell-P map (0-10 cm) of upper Fitzgerald River 
catchment (64 sample points from 2006).  
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    To  predict  the  zones  of  high  P  loss  risk  in  the  upper  Fitzgerald  River 
catchment, CSA were obtained by combining the hydrological risk map (by Ruhi 
Ferdowsian, DAFWA, Albany, Appendix 2.5) and the present Colwell-P map (Fig. 
2.8). Four major CSA were categorised as:  
1.    Areas where the high hydrological risks combine with high soil P (HR-HP - high 
P risk) which covered 269 ha
 of the catchment (Fig. 2.9). 
2.   The areas of high hydrological risks combined with medium soil P (HR-MP - 
moderate P risk) occupying 6,913 ha. 
3.    Areas with high hydrological risk (HR) but low soil P levels (HR-LP - potential 
P risk) in the catchment covering 401 ha. 
   
 
 
Fig. 2.9. Predicted P loss risk areas in the upper Fitzgerald River catchment.  Note: 
High – Colwell-P > 30 mg/kg and high hydrological connection; Moderate – 
Colwell-P 15-30 mg/kg and high hydrological connection; Potential – Colwell-P < 
15 mg/kg and high hydrological connection; Low – Low soil P (< 15 mg/kg) and 
poor hydrological connection. 
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The remainder of the catchment, considered to represent low risk of P loss 
due to the lack of hydrological connectivity, occupied 96,408 ha. The hydrological 
risk  map  used  in  the  present  study  was  developed  previously  to  assess  risk  of 
salinization  and  hence  is  mostly  a  prediction  of  where  perched  water  tables  and 
groundwater discharge will develop in the landscape. Hence it may not adequately 
predict  hydrological  connection  through  runoff  processes.  The  land  management 
implications  of  the  present  study  need  to  be  developed  more  fully  once  further 
investigation of the processes and pathways of hydrological connectivity are tested 
and verified by further research. 
     
    Negative  relationship  of  CaCl2-P  with  Feox  and  Alox  in  surface  (rFeox  =  -
0.65**, rAlox = -0.55**, p < 0.01) and subsoil (rFeox = -0.45**, rAlox = -0.36** p < 
0.01) suggest binding of inorganic P to hydrated Feox and Alox surfaces. Phosphorus 
sorbed on poorly ordered sesquioxides as indicated by oxalate soluble Fe/Al might be 
available for runoff and throughflow as PP (Barberris et al., 1996). The Feox and Alox 
consist of amorphous and crystalline oxyhydroxides of Fe and Al and would likely 
have highly reactive surfaces for P sorption (Singh and Gilkes, 1991). The TP was 
negatively correlated to sand (r = -0.35** P < 0.01) and positively to clay content (r 
= 0.41**, P < 0.01) in surface soil which supported the notion that P is associated 
with finer soil fractions as was previously reported by McCullum (1996). Positive 
correlation  between  TP  and  oxalate  extratable  Fe  and  Al  indicates  that  hydrous 
oxides  such  as  goethite  and  gibbsite  strongly  sorb  P  ions  in  these  soils.  These 
hydrous oxides occur in crystalline and non-crystalline form in these soils and may 
be coatings on the interlayer or external surface of clay particles that react with P 
(Shaheen et al., 2007). The clay particles and Fe and Al (hydr) oxides contain P, and  
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might be a good predictor of P loss caused by erodible colloids, both as overland 
flow and via vertical transport through soil pores (Puls and Powell, 1992).  
   
  High exchangeable sodium percentage (ESP) of surface (16.2 %) and subsoil 
(24.8 %) suggests that inorganic P might be moved in particulate forms from soils 
with high clay content and sodicity. Dispersion may decrease subsoil permeabity and 
hinder the downward P mobility. Higher clay content and sodicity in the subsoil as 
found in the column leaching experiment (see Chapter 6) may inhibit downward 
water movement and thereby enhance surface P runoff (Seobi et al., 2005). Similar 
results  were  recorded  by  Steven  et  al.  (1999)  in  texture  contrast  soils  in  which 
sodicity had a large influence on P mobility. This relationship, which is examined in 
Chapter 6 and 7, is likely to affect the importance of through flow and runoff relative 
to leaching.   
   
  The relatively high P values in the subsurface sand than for other soil types 
may indicate P leaching. The low clay (4 %) and OC (1.5 %) contents of sand soils 
clearly indicate a risk of P leaching. Losses of up to 100 % applied phosphorus have 
been recorded for the top 10-30 cm in sand soils by other researchers (Hingston, 
1959; Ozanne et al., 1961; Alston and Chin, 1974). These large losses of applied P 
from surface layers of sand soils can be related to soil properties. Alston and Chin 
(1974) stated that P is likely to be leached from the surface 10 cm to the subsurface 
sandy clay illuvial horizons. Therefore in sandy surface duplex soil, P is presumed to 
be leached to the subsurface horizon and then lost either from lateral movement to 
low lying wetland areas, into artificial drains or, less likely, by moving through the 
soil above subsoil clay layer (Stevens et al., 1999). The low Feox and Alox in sand 
soils indicate that these soils may have low P sorption capacity (PSC) and applied P  
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will have little effect on available P (Leinweber et al., 1999; Barberis et al., 2001) 
and  any  further  P  application  to  these  sand  soils  may  be  lost  through  leaching 
(Hodgkin and Hamilton, 1993) or may accumulate in the subsurface. This possibility 
is considered further in Chapters 6 and 7. Sharpley (1995 a) indicated that soils with 
low  Feox  are  likely  to  contribute  more  DP  to  runoff  than  soils  with  high  Feox 
particularly when the main transport vector is through leaching. Sand soils in the 
upper Fitzgerald River catchment pose a higher risk of P loss by leaching than other 
soils in the catchment.  
2.5 Conclusion 
 
The results of this study provide a basis for predicting risks of P losses from 
agricultural land in relation to a number of physico-chemical properties of soil and 
land  use  management  factors.  The  P  level  in  surface  (0-10  cm)  soil  is  low  in 
comparison with other studies on P loss risk but higher P levels in the 0-2.5 cm layer 
indicate risk may be greater than suggested by the 0-10 cm soil P. The western sector 
of  the  catchment  had  higher  P  status  due  to  longer  P  history  and/or  greater  P 
retention in soils with higher clay content while the eastern sector soils had lower P 
status. Phosphorus leaching may cause a greater risk of P mobilization in eastern 
sector due to the sand to sandy loam texture of topsoils. The threshold bicarbonate P 
value, also called the change point, was ~ 15 mg P/kg, indicating that soil solution P 
above the change point presents a greater potential for P loss by runoff or leaching 
than below the change point. The negative relationship of CaCl2-P with Feox and Alox 
in  surface  soil  suggests  that  Fe-  and  Al-oxyhydroxides  control  soil  solution  P 
dynamics as well as P forms in erodible soils. Sodicity may exacerbate the risk of PP 
and DP losses by increasing dispersion of clays.  
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The present chapter has provided a preliminary examination of likely soil 
factors affecting the risk of P loss from the upper Fitzgerald River catchment. In the 
following chapters, a more detailed examination is presented on P forms and their 
distribution in soils (Chapter 3), P sorption behaviour (Chapter 4), stratification of P 
in profiles along a toposequence (Chapter 5), leaching of P in soil columns (Chapter 
6) and forms of P mobilized as leachate, runoff and throughflow in selected clay and 
sand-textured soils from the catchment (Chapter 7).  
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CHAPTER 3 
 
Phosphorus distribution and fractionation study for 
the Fitzgerald River catchment to predict P loss risk 
3.1 Introduction 
   
  As documented in the previous chapter, the P status of soils of the south west 
Western Australia is very low compared to results of other studies which examined 
processes of P loss in dairy areas of South Australia (Dougherty et al., 2006). The 
cleared land of the upper Fitzgerald River catchment was used for winter cropping 
and pasture for livestock. To maintain production, P fertilizer (superphosphate) was 
continuously used by farmers of the catchment from the time since land clearance. 
As a result P gradually built up in the catchment. The present study was conducted to 
develop an understanding of the various P pools in the low P status agricultural land 
of the South coast region of Western Australia which may export P and sediment 
from agricultural land into the FRNP.  
     
  The  environmental  chemistry  and  plant  availability  of  applied  soil  P  are 
related to  the chemical  forms  of P in  the solid phase  (Akhtar et  al.,  2005). The 
availability of soil P to plants depends on the ongoing replenishment of labile P from 
other  P  fractions  (Beck  and  Sanchez,  1994).  Phosphorus  in  soil  exists  in  many 
complex  chemical  forms  which  differ  markedly  in  their  behaviour,  mobility  and 
bioavailability in the soil. The TP content of soil provides little information regarding 
the behaviour of P in the environment. The various forms of P present to a large 
degree  determine  the  fate  and  transport  of  P  in  soil  (Reddy  et  al.,  1999  b). 
Fractionation schemes using various chemical extractants are used to describe the  
 
  54 
different P forms in soil.  
   
  Many  sequential  fractionation  strategies  have  been  developed
  to  quantify 
forms of P in soils. The method developed
 by Chang and Jackson (1957) with later 
modifications such as
 those of Petersen and Corey (1966) and Williams et al. (1967) 
has  been  widely  used  for  investigations  of  forms  and  transformations
  of  soil  P 
although some problems  in  interpretation have been  cited with  this  approach  for 
example it does not include organically bound P (William and Walker, 1969). One of 
the most widely used P fractionation schemes is that of Hedley et al. (1982 a), which 
differentiates organic and inorganic P forms (Wang et al., 2006) and estimates their 
availability in soils (Tiessen et al., 1984, 1992; Araujo et al., 1993 a b; Ball-Coelho 
et  al.,  1993;  Agbenin  and  Tiessen,  1994).  This  fractionation  aims  at  quantifying 
plant-available
 (H2O- or NaHCO3-extractable P), Ca-associated (H2SO4-extractable),
 
Fe-oxide and Al-oxide associated inorganic P (NaOH-extractable),
 as well as labile 
and stable organic-P. Fractionation can identify major P pools that are sources and 
sinks of plant available P during cropping (Verma et  al.,  2005).  A range of soil 
conditions  such  as  salinity,  organic  matter  content,  pH  or  redox  potential  and 
mineralogy determine relative importance of each fraction (Lebo, 1991; Paludan and 
Morris, 1999). 
   
  Phosphorus  is  considered  to  be  the  most  limiting  nutrient  for  plant 
productivity in soils of the south west Western Australia due to the low P status of 
the  soils,  exacerbated  by  low  and  irregular  rainfall  distribution  (Denslow  et  al., 
1987).
 The pattern of distribution of P forms in calcareous soils of Western Australia 
does not follow that of P forms in calcareous soils of Mediterranean regions where 
Fe  and  Al-P  forms  are  usually  less  abundant  than  secondary  Ca  forms  (Samadi,  
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1998). Studies have shown the existence of diverse amounts of labile P fractions in 
soil (Tiessen et al., 1992; Agbenin and Tiessen, 1994). This variability highlights the 
need  for  detailed  studies  to  determine  various  P  pools  in  soils,  with  the  aim  of 
providing a broader view of soil P status. The P fractionations study have been used 
to  understand  the  fate  and  forms  of  P  in  soil  as  a  function  of  soil  type  and 
management but not used to assess soil P release to runoff and water quality. There 
was  no  study  conducted  to  assess  P-loss  risks  in  association  with  P  pools.  The 
fractionation of P forms in soil is a first start to understand P pools in relation to 
environmental risk. The objective of this chapter is to quantify the distribution of P 
among fractions in soils of the upper Fitzgerald River catchment to help predict P-
loss risk.  
3.2 Materials and methods 
3.2.1 Catchment management environment           
 
Catchment management and fertilization history were described in Chapter 1.  
3.2.2 Sampling method 
 
Soil sampling locations in the catchment and sampling matrix were described 
in Chapter 2 in detail.  
3.2.3 Phosphorus fractions  
   
  Methods of soil physical and chemical analysis have been given in Chapter 2 in 
detail.  Soils  were  subjected  to  a  sequential  P  fractionation  technique  using  the 
method of Hedley et al. (1982 a, 1994). The schematic description of P fractionation 
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3.2.3.1 Resin-extractable P (Resin-Pi) 
 
  0.5 g of soil was added with 30 ml of distilled deionised (DDI) water in 50 ml 
polypropylene centrifuge tubes in the presence of 1 x 2 cm resin membrane and 
shaken for 16 h at 25°C. The resin strips were previously saturated with HCO3
– and 
Na
+, respectively, according to the method of Saggar et al. (1990). On removal, strips 
were washed thoroughly with DDI water to remove excess soil, and P was eluted 
after shaking for 30 min with 20 ml of 0.5 M HCl. Solution Pi concentrations were 
determined by the molybdate blue method (Murphy and Riley, 1962). 
3.2.3. 2 Hydroxide-extractable inorganic (NaOH-Pi) and organic P (NaOH-Po)  
 
  To the residue from Step 1, 30 ml of 0.1 M NaOH was added; the samples 
were shaken for 16 h at 25°C and centrifuged at 4000 r.p.m for 30 min and the 
supernatant decanted. A 5-ml aliquot of supernatant was retained for total NaOH-P 
determination by ICP; the remaining solution was acidified (pH-2) by the addition of 
1.0 ml 10 M HCl to precipitate organic matter and permit colorimetric analysis for 
NaOH-Pi. The NaOH-Po component of extracts was determined by the difference 
between NaOH-TP and NaOH-Pi.  
3.2.3.3 Acid-extractable P (Acid-P)  
 
  To the soil residues from Step 2, 30 ml of 0.5 M H2SO4 was added, and shaken 
for  16  h  at  25°C.  Suspensions  were  centrifuged  as  before,  and  the  resultant 
supernatant was analyzed for P by the molybdate blue method (Murphy and Riley, 
1962).  
3.2.3.4 Residual P 
 
  Residue from Step 3 was refluxed with 8 ml of 18 M H2SO4 at 340°C for 2 h. 
An additional 4 ml of 18 M H2SO4 was then added, and refluxing continued for 1 h 
and later P was determined by the molybdate blue method (Murphy and Riley, 1962).  
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Soil (0.5 g) + resin strip (1 x 2 cm) ---- shake for 16 h. centrifuge   
      Resin strip + 20 ml 0.5 M HCl ---- shake for 30 min.                                         Resin-P 
 Residue +30 ml 0.1 M NaOH---shake for 16 h and centrifuge 
           5 ml of extract + 1 ml of 10 M HCl--- centrifuge                                             NaOH-Pi 
           Aliquot digested (ICP)                                                                                    Total-P 
  Total NaOH-P – NaOH-Pi                                                                                       NaOH-Po 
  Residue +30 ml 0.5 M H2SO4 --- shake for 16 h and centrifuge                             H2SO4-P    
  (Acid-P) 
  Residue + H2SO4 +H2O2--------digestion at 340°C                                                 Residual-P 
 
Fig. 3.1. Phosphorus fractionation scheme of Hedley et al. (1982 a). 
 
3.2.4 Statistical analysis 
 
  General statistics (mean, minimum, maximum and standard error of mean) and 
rank  correlation  analysis  were  done  using  Excel  2003  for  Windows.  For  P 
fractionation data, effect of depth (surface 0-10 cm and subsurface 10-30 cm) and 
soil types (sand, loam and loamy sand) on distribution of P pools in the catchment 
soils were analysed as a two way interaction in a factorial design using Statistic 8 
software.  
3.3 Results 
3.3.1 Soil characterization 
 
The surface soils were slightly acidic (pHH2O- 6.2 ± 0.14) (Table 3.1). Higher 
TP was found in surface (76 mg/kg) than subsoil layers (34 mg/kg). The Colwell-P 
ranged from 0.61- 40 mg/kg with an average value 19 mg/kg, while 0.01 M CaCl2-P 
varied from 0.01- 9.75 mg/kg with an average 2.28 mg/kg in surface soils. Depth 
wise decrease in Colwell-P and CaCl2-P was common in soils across the catchment. 
The high surface P in the catchment was positively correlated with OC content (0.72- 
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2.98 %). The exchangeable Na and ESP were higher in subsoil (1.85 cmol/kg and 25 
%, respectively) in comparison to topsoil (0.94 cmol/kg and 16 %, respectively).  
Table 3.1. Surface (0-10 cm) and subsurface (10-30 cm) physico-chemical properties 
of soils from 64 sites from the upper Fitzgerald River catchment. 
 
Soil Properties  Surface  Subsurface 
  Min  Max  Mean  SE  Min  Max  Mean  SE 

































































































































Note: TP- total P; CEC – cation exchange capacity; OC – organic carbon; Exch. na – exchangeable 
sodium;  mS/m  -  milliSiemen/metre;  cmol/kg  -  centimole  per  kilogram;  Min  -  Minimum;  Max  - 
Maximmum; SE - Standard error. 
 
 
All forms of extractable Fe and Al except FeDCB were positively correlated 
with  OC  content  of  surface  soil  (Table  2.4,  Chapter  2)  but  for  subsoils  only 
pyrophosphate-extractable Fe and Al were correlated with OC. Dithionite-extractable  
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Al was highly correlated with FeDCB in top (r = 0.77**, P < 0.01) and subsoils (r = 
0.80**, P < 0.01). Similarly, oxalate-extractable Al was correlated with Feox in top (r 
= 0.77**, P < 0.01) and subsoil (r = 0.76**, P < 0.01). Oxalate-extractable Fe and Al 
were negatively correlated with CaCl2-P in topsoil (Table 2.4, Chapter 2). 
3.3.2 Soil P fractions  
 
The surface and subsurface concentration of all P fractions in HP, MP and LP 
areas of the catchment are summarized in Fig. 3.2. The HP, MP and LP areas in the 
catchment had mean TP values 115, 90, 44 mg/kg in surface and 52, 37 and 24 
mg/kg  in  subsoils,  respectively.  The  order  of  TP  concentration  was  loam  soil 
followed by loamy sand and sand.  
 
The  labile  inorganic  pool  (resin-P)  was  a  significant  fraction  (P  <  0.05, 
Appendix 3.2) and accounted for 5.2-7.5 % of the TP in surface and 3.2-4.8 % in 
subsoils irrespective of TP status (Appendix 3.1). The resin-P was higher in topsoil 
(Fig. 3.2) and followed a decreasing sequence loam soil > loamy sand > sand (Table 
3.2). A significant positive relationship (rsurface = 0.55**, rsubsoil = 0.46**) was also 
observed for resin-P and CaCl2-P in both top and subsoil (Table 3.3 and 3.4). 
 
The  hydroxide-extractable  inorganic  P  (NaOH-Pi)  which  is  considered  as 
moderately labile fraction (strongly held by chemisorption to Fe and Al components 
of  soil)  represented  between  11-25  %  and  18-20  %  of  TP  in  top  and  subsoil 
regardless  of  the  P  status  of  soil  (Appendix  3.1).  Less  than  33  %  of  the  TP, 
irrespective of P status and depth was in the labile (∑Resin-P + NaOH-Pi) fractions.  
 
The  hydroxide-extractable  organic  P  (NaOH-Po)  was  the  second  largest 
fraction of extractable P after residual-P irrespective of P status and soil types. The  
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NaOH-Po represents 10-18 % and 23-45 % of the TP in the surface and subsoils 
respctively (Appendix 3.1). There was a positive relation between NaOH-Po and OC 
in the subsoil for all the soils examined (r = 0.45**, P < 0.01). The values of NaOH-
Po exhibited a positive correlation with labile P in surface soil (r = 0.47**, P< 0.01) 
as  measured  by  0.01  M  CaCl2.  Unlike  residual  P  or  other  fractions,  NaOH-Po 
increased markedly in the subsoil to comprise 23-45 % of TP irrespective of P status 
(Appendix 3.1). Subsurface sand had three times higher NaOH-Po than surface soil.  
 
Table 3.2. Surface (0-10 cm) and subsurface (10-30 cm) distribution of P fraction in 
soil types of the upper Fitzgerald River catchment. 
 
   
Loam (n= 10 ) 
 
Loamy Sand (n = 28) 
 
Sand (n = 20 ) 





































































































































































































































Note: Pi – inorganic P; Po - organic P; SE - standard error of mean. 
 
 
The acid P values, which include P associated with Ca, contributed the least P 
among the P fractions in the catchment soils. The residual P, the most resistant and  
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insoluble fraction accounted for 57-68 % of total soil P in surface and 31-50 % in 
subsoil irrespective of P status. Residual-P was correlated with TP (r = 0.87**, P < 
0.01),  OC  (r  =  0.61**,  P  <  0.01),  clay  content  (r=0.48**,  P  <  0.01)  and 
pyrophosphate-extractable Fe and Al (0.69** and 0.58**, P < 0.01) in surface soils 
of the catchment.  Phosphorus fractions  were not  significantly different  in  topsoil 
compared to subsoils except resin-P and residual P (P < 0.05, Appendix 3.2) which 
was significantly higher in the surface compared to subsurface.  
 


















































































































Fig. 3.2. Different P fractions in high P (>30 mg Colwell-P/kg), medium P (15-30 mg Colwell-P/kg) and low P (< 30 mg Colwell-P/kg) areas of 
the Fitzgerald River catchment. Values are the mean of 25, 15 and 24 soil samples from HP, MP and LP areas. Vertical bars represents standard 
errors of the means.  
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 Resin-P  0.04  0.14  0.55(**)  0.50(**)  0.13  0.12  0.15  -0.01  -0.14  -0.14  -0.22  1         
 NaOH-Pi  -0.06  -0.19  0.45(**)  0.39(*)  0.13  0.19  0.09  -0.21  -0.21  0.01  -0.09  0.23  1       
 NaOH-Po  -0.03  -0.31  0.47(**)  0.25  0.14  0.26  0.09  -0.11  -0.14  -0.12  -0.24  0.41(*)  0.06  1     
 Acid-P  0.43(*)  0.14  -0.01  0.39(*)  0.16  0.38(*)  0.14  0.34  0.32  0.31  0.21  0.02  0.19  0.26  1   
 Residual-P  0.20  0.09  -0.29  0.54(**)  0.61(**)  0.58(**)  0.69(**)  0.56(**)  0.73(**)  0.43(*)  0.47(**)  0.15  0.13  0.10  0.41(*)  1 
 TP  0.09  -0.01  0.12  0.73(**)  0.60(**)  0.59(**)  0.65(**)  0.35(*)  0.44(*)  0.35  0.34  0.49(**)  0.34  0.37(*)  0.37(*)  0.87(**) 
 Sand  -0.50(**)  -0.55(**)  0.38(*)  -0.35(*)  -0.47(**)  -0.55(**)  -0.27  -0.85(**)  -0.62(**)  -0.53(**)  -0.49(**)  -0.19  0.18  0.01  -0.45(**)  -0.42(*) 
 Silt  0.53(**)  0.51(**)  -0.44(*)  0.29  0.43(*)  0.53(**)  0.24  0.85(**)  0.62(**)  0.53(**)  0.45(**)  0.12  -0.29  0.02  0.42(*)  0.40(*) 
 Clay  0.49(**)  0.56(**)  -0.33  0.41(*)  0.52(**)  0.57(**)  0.29  0.86(**)  0.65(**)  0.55(**)  0.49(**)  0.23  -0.13  0.01  0.43(*)  0.48(**) 
 
Note: EC- electrical conductivity; TP - total P; OC - organic carbon; Fepyro/Alpyro - pyrophosphate extractable Fe and Al; Feox/Alox - oxalate extractable Fe/Al; FeDCB/AlDCB -
citrate/dithionite bicarbonate extractable Fe/Al; Pi – inorganic P; Po - organic P ; ** Correlation is significant at the 0.01 level; *Correlation is significant at the 0.05 level.  
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 Resin-P  -0.09  -0.02  0.46(**)  0.14  0.49(**)  0.20  0.21  0.10  -0.02  -0.06  -0.02  1         
 NaOH-Pi  -0.24  -0.37(*)  0.52(**)  0.26  0.49(**)  0.27  0.29  -0.13  -0.12  -0.09  -0.10  0.59(**)  1       
 NaOH-Po  0.04  -0.16  -0.07  -0.05  0.45(**)  0.19  0.31  0.12  0.06  0.26  0.33  0.30  0.23  1     
 Acid-P  0.36(*)  0.23  -0.35(*)  0.03  0.03  0.13  0.19  0.53(**)  0.61(**)  0.42(*)  0.39(*)  -0.17  -0.14  -0.12  1   
 Residual-P  0.14  0.23  -0.11  0.20  0.14  -0.05  0.24  0.38(*)  0.35(*)  0.31  0.46(**)  -0.02  -0.07  0.01  0.06  1 
 TP  0.19  0.07  0.05  0.26  0.39(*)  0.12  0.37(*)  0.31  0.29  0.31  0.49(**)  0.35(*)  0.36(*)  0.65(**)  0.02  0.55(**) 
 Sand  -0.45(**)  -0.39(*)  0.01  -0.06  -0.30  0.05  -0.18  -0.65(**)  -0.52(**)  -0.38(*)  -0.37(*)  -0.18  -0.16  -0.15  -0.39(*)  -0.42(*) 
 Silt  0.42(*)  0.40(*)  0.01  -0.01  0.25  -0.08  0.12  0.55(**)  0.49(**)  0.18  0.19  0.22  0.07  0.02  0.48(**)  0.30 
 Clay  0.44(*)  0.38(*)  -0.15  -0.04  0.37(*)  0.09  0.29  0.75(**)  0.58(**)     0.49(**)  0.53(**)  0.20  0.14  0.34  0.41(*)  0.41(*) 
 
Note: EC- electrical conductivity; TP - total P; OC - organic carbon; Fepyro/Alpyro - pyrophosphate extractable Fe and Al; Feox/Alox - oxalate extractable Fe/Al; FeDCB/AlDCB -






Generally, resin-P and NaOH-Pi fractions were more abundant in topsoil than 
subsoil. Similar values of resin-P and NaOH-Pi fractions were reported by Samadi 
(1998) in soils of south west Western Australia but values were lower than those 
reported for agricultural soils of dry land regions in the western United States and 
Lebanon (Ryan, 1983), and also for many other Australian soils (Norrish and Rosser, 
1983). These differences are a consequence of great age of soils in the south west 
Western Australia (McArthur, 1991). Samadi (1998) reported Fe- and Al compounds 
constituted the major form of P in Jerramungup soils which is consistent with the 
present study. The high P concentration of surface soil might be due to relatively 
higher OC content which is supported by positive relation between Colwell-P and 
OC content (r = 0.47**, P < 0.01). Positive correlation between clay content and TP 
in the subsoil (r = 0.49**, P < 0.01) indicates that adsorption of P may be influenced 
by soil clay minerals (Senwo et al., 2003). 
 
A significant amount of resin-P (5.2-7.5 % of total soil P) occurred in surface 
soil irrespective of the P status of soils in the catchment (P < 0.05, Appendix 3.2). 
This fraction represents P that is desorbable and may be included in runoff losses if 
dissolved (Leinweber et al., 1999). While Colwell-P levels in the catchment soils 
were low relative to other studies, the resin-P proportion exceeded those observed in 
many other soils (Magid and Nielson, 1992; McKenzie et al., 1992; Richards et al., 
1995)  and  was  similar  to  those  of  heavily  manured  soils  in  northwest  Germany 
(Leinweber,  1996).  The  relatively  high  resin-P  concentration  in  the  top  soil  is 
probably due to input of P through P fertilizer in the catchment over a 40-50 years 




The NaOH-Po on the other hand varied widely  among soils but generally 
made a high contribution compared to NaOH-Pi to total soil P in surface (10-18 %) 
and  subsoils  (23-44  %)  of  the  catchment.  Similarly,  findings  of  Samadi  (1998) 
reported that OP constituted 35 % of TP in top soils of south west Western Australia. 
The NaOH-Po fraction might be an important source of P for crop growth in low P 
input systems  (Beck and Sanchez, 1994).  In comparison  with  Mediterranean and 
other semiarid areas, organic P constitutes a considerable portion of the TP in the 
soils of south west Western Australia (Samadi, 1998). Depth-wise increase in NaOH-
Po pools in HP and LP areas (Fig. 3.2) suggests that organically bound P accounted 
for most of the changes in TP. Several studies (Hannapel et al., 1964; Frossard et al., 
1989; Eghball et al., 1996; Chardon et al., 1997) have reported that translocation of 
the Po pool may contribute to the mobility of P in soil. The relatively higher values of 
NaOH-Po in the subsurface soil and positive relationship of NaOH-Po with OC in 
subsurface layers (r = 0.45**, P < 0.01) suggested mobility of soluble organic P 
(examined in Chapter 6 and 7) to subsoil horizons due to leaching during the rainy 
season (Frossard et al., 1989). Tiessen et al. (1984) also reported the dependence of 
OP on organic matter content of soil. A positive correlation of NaOH-Po with CaCl2-
P in surface soils suggests that OP may also supply a portion of plant available P due 
to mineralization (Enwezor and Moore, 1966). 
 
The H2SO4-Pi, which represents P associated with Ca, was the smallest P 
pool in the catchment soils, regardless of overall P status of the soil or depth (Table 
3.2) and is consistent with the findings of Samadi (1998) who reported that Ca bound 





The residual P was the largest fraction both in surface and subsurface soil 
irrespective of P areas in the catchment but higher values were found in topsoil (P < 
0.05,  Appendix  3.2).  The  residual-P,  the  most  resistant  and  insoluble  fraction, 
comprised 57-67 % of total soil P in surface and 31-50 % in subsurface soil. These 
results are in agreement with previous results for soils from semiarid regions and 
from Nigeria (Udo, 1977; Udo and Ogunwale, 1977; Tiessen et al., 1992). Positive 
correlations of residual P with clay content, OC, CEC as well as with Feox and FeDCB, 
at both depths, suggests that the residual P in these soils is in compounds of stable 
Fe- and Al forms and also closely associated with soil phyllosilicate minerals and 
OC. Positive relationship of residual P with pyrophosphate Fe and Al suggests the 
presence of Fe- and Al-P in association with OM in soil. Similar correlations and 
interpretation were reported by Shaheen et al. (2007) who concluded that residual P 
in representative soils of Egypt was likely to be in compounds of Fe and Al. Silty 
loam and loam soils in the HP areas had the largest proportion of residual P, which 
might be due to higher clay content. This suggests that the sink of P fertilizer in the 
catchment can be in the labile fraction (Iyamuremye et al., 1996; Lilienfein et al., 
1999;  Obersan  et  al.,  1999)  or  stable  fraction  (Po  or  residual  pools).  The  higher 
amount  of  Fe-  and  Al-P  than  acid  extractable  P  suggested  that  in  these  highly 
weathered soils both organic and residual pools build up with P fertilization in the 
catchment (Guo et al., 2000).  
3.5 Conclusion 
 
The Hedley fractionation scheme was used to quantify the distribution of P 
among various P pools in soils of the upper Fitzgerald River catchment as a basis for 
predicting P-loss risks. The relatively high proportion of labile-P (resin + NaOH-Pi) 




The  hydroxide-extractable  organic-P  fraction  (NaOH-Po)  was  the  second  largest 
fraction of extractable P (23-44 % of soil TP). The increase in the NaOH-Po pools as 
a percent of soil TP with depth in the catchment soils accounted for most of the 
changes in TP with depth. Relatively higher values of NaOH-Po in the subsurface 
soil and positive correlation with OC in the subsurface (r = 0.45**, P < 0.01) may 
indicate mobility of soluble organic P to the subsoil due to leaching. The H2SO4-Pi, 
which represents P associated with Ca, was the smallest P pool in the catchment 
soils. The residual P was the most abundant fraction both in surface and subsurface 
horizon and is positively related with clay content, OC and pyro Fe and Al which 
suggests that the residual P in these soils includes stable Fe and Al forms. If Fe- and 
Al-P fractions are the main forms of P in the catchment, the question arises; what are 
the mechanism controlling their availability to plants. Factors affecting P sorption in 






Characterization of P sorption behavior of soils in 
south west Western Australia to assess P loss risk 
4.1 Introduction 
 
Highly  weathered  and  nutrient-depleted  soils  of  the  agricultural  region  of 
south  west  Western  Australia  have  low  P  status  compared  to  many  less  highly 
weathered  soils  elsewhere  (Robson  and  Gilkes,  1980)  so  that  application  of 
approximately 1 Mt of fertilizer/year or 50-60 kg DAP/ha/year (to cereals) and 100 
kg  superphosphate/ha/year  (to  pasture)  (farmer  interview)  is  necessary  to  sustain 
agricultural production (Singh and Gilkes, 1991). Application of P fertilizers since 
land clearing up to 100 years ago led to a gradual build up of soil P (Samadi and 
Gilkes, 1998) and the accumulation of P in soils increases potential for P enrichment 
of surface runoff and P losses during drainage, with severe consequences for the 
environment (Indiati and Diana, 2004). 
 
The reactions of applied P with soil are complex and range from adsorption 
to precipitation processes (Bennoah and Acquaye, 1989), which depend to a large 
extent on mineralogy  and texture as  well as  soil solution  chemistry (Uehara and 
Gillman, 1981). The hydroxides and oxyhydroxides of Fe, Al and the phyllosillicate 
clays largely control P sorption (Holford and Mattingly, 1975; Ryan et al., 1985; 
Matar et al., 1992). The solubility of inorganic P in acid soil is primarily controlled 
by  sorption  and  desorption  reactions  of  orthophosphate  (H2PO4
-/HPO4
-2)  on  the 
surface of short range order oxides. For soils from various regions of the world, 




clay and carbonate contents and to other soil properties (Saunders, 1965; Syers et al., 
1971;  Ballard  and  Fiskell,  1974;  Ping  and  Michaelson,  1986).  One  of  the  most 
influential soil properties in regard to P sorption is clay content, which has often 
been correlated to P sorption parameters (Fox and Kamprath, 1970; Loganathan et 
al., 1987; Solis and Torrent, 1989; Bennoah and Acquaye, 1989). The large surface 
area and presence of various P sorbing minerals results in higher P adsorption on 
clay soils compared to sandy textured soils (Loganathan et al., 1987). 
 
The  major  gap  in  current  knowledge  on  how  to  identify  the  risk  of  P 
contamination from agricultural land to streams is the mechanism of P release within 
complex landscapes to surface and subsurface flow paths. The mobilization and fate 
of P within and from agricultural fields is a significant challenge for research on P 
pollution of surface waters. Therefore, soil testing may be required that will assess 
the  capacity  of  soil  to  retain  P  against  leaching  and  runoff  losses  (Edwards  and 
Withers, 1998; Sims et al., 2000). The retention of P in soil may prevent losses of 
soluble P in surface runoff as well as movement to ground water. Relatively few 
studies have been conducted to ascertain when soils have accumulated enough P to 
be of concern in enrichment of runoff with P (Romkens and Nelson, 1974; Sharpley, 
1985, 1995; Pote et al., 1996) and such studies have not yet been conducted in the 
South coast region of Western Australia.  
 
Most studies have shown that runoff P depends on the amount of P in the soil 
(Sibbesen and Sharpley, 1997). To a large degree, the control of DP in runoff lies in 
the  variability  of  P  buffering  capacity  which  relates  to  amounts  of  Fe  and  Al 
hydroxides, carbonates, clay and OM in soils. The ability of soil to release sorbed P 




sorbed.  Phosphate  saturation  of  soil  (i.e.  the  proportion  of  already  sorbed  P  to 
maximum  P  sorption  capacity  of  soil)  could  be  an  index  of  soil  P  that  may  be 
available to be released by anion exchange to runoff and leaching to surface and 
subsurface waters (Breeuwsma and Silva, 1992; Sharpley, 1995). This approach is 
based on the premise that when a critical P sorption saturation level is exceeded, the 
potential for dissolved P to be released to runoff or leachate is increased (van der Zee 
et al., 1987). The degree of P saturation (DPS) is calculated as follows (Breeuwsma 
and Silva, 1992): 
 
DPS (%) = Extractable P (mg/kg) x P sorption capacity
-1 x100;      
Where P sorption capacity (PSC) = α (Feox + Alox)  
                               α = 0.5 (scaling factor (PSC/ (Feox + Alox)) 
 
The transport of P from cropping land to streams is likely in the south west 
Western Australia but has not been studied in detail. The aim of this chapter was (i) 
to assess the P sorption characteristics of the upper Fitzgerald River catchment soils 
and (ii) to identify soil properties associated with P sorption that could be used to 
assess the potential mobility of P from soil.  
4.2 Materials and methods 
4.2.1 Catchment management environment           
 
Catchment management and fertilization history were described in Chapter 1.  
4.2.2 Sampling method 
 
Soil sampling locations in the catchment and sampling matrix were described 




4.2.3 Sorption study  
 
Methods of soil physical and chemical analysis have been given in Chapter 2 
in detail. For P sorption studies, 2 g of soil in 40 ml of 0.01 M CaC12 containing 
various amounts of P was shaken end-over-end at 23  1°C for 16 h (Ozanne and 
Shaw, 1967). A few drops of toluene were added to the tubes to suppress microbial 
growth.  Initial  P  concentrations  were  varied  between  0  and  200  mg  P/l.  After 
shaking, suspensions were centrifuged at 1500 r.p.m. for 10 min and the supernatant 
was filtered through Whatman No. 5 filter paper. The P concentration in the filtrate 
was determined by the molybdate blue method (Murphy and Riley, 1962). 
The P sorption data were fitted to the linear form of the Langmuir equation as 
follows 
C/S= (b Smax)
-1 + (C/Smax) 
Where C is the concentration (mg P/l), S is the amount of P sorbed (mg P kg
-1 soil), 
Smax is the sorption maximum (mg P kg
-1 soil), and b is a coefficient.  
The log transformed data conformed well to the Freundlich sorption isotherm 




which, in linear form can be written as    
 
log S = log k + n log C; 
where, k and n are empirical constants. A plot of log S against log C was obtained 
with a slope of n and intercept of log k. 
4.2.4 Statistical analysis 
 
General statistics (mean and standard error) and rank correlation analysis of 
soil properties were calculated using SPSS software version 13 for Mac and Excel 





4.3.1 Soil characteristics  
     
    Characteristics  of  surface  and  subsurface  soils  of  the  catchment  were 
described in Chapter 3. Top soils contained half the amount of clay as subsoil (12 vs 
25 %) but much higher sand (76 vs 41 %). Neverthless there was a wide range of 
sand and clay contents in catchment soils (Fig. 4.1). Soil texture of the catchment 
ranged from sand to loamy sand and clay texture classes. More than 60 % of subsoil 
samples had clay content > 20 % (Fig. 4.1). 
4.3.2 Dithionite, oxalate and pyrophosphate extractable Fe and Al 
       
The frequency distributions of DCB, oxalate and pyrophosphate extractable 
Fe and Al values of surface and subsoil are given in Fig. 4.2 and 4.3. The amounts of 
Fe and Al extracted followed the sequence DCB > Oxalate > Pyrophosphate. The 
amount of FeDCB ranged from 40-12000 mg/kg (mean 1484 mg/kg) in surface and 
65-11500  mg/kg  (mean  1812  mg/kg)  in  subsoils.  Oxalate  extractable  Fe 
concentrations ranged from 60-1500 mg/kg in surface and 65-1400 mg/kg in subsoils 
with mean values 375 mg/kg and 332 mg/kg, respectively. The concentration of total 
Fe that is organically bound, as determined by pyrophosphate extraction, was smaller 
than the oxalate extractable fraction in both surface (mean 323 mg/kg) and subsoil 
(mean  343  mg/kg).  Crystalline  Fe  oxide  (FeDCB)  increased  with  depth  while  the 
amorphous form of Fe was higher in surface soils. A higher proportion was noted for 
oxalate and pyrophosphate extractable Al, expressed as percentage of AlDCB than 














Fig. 4.1. Surface (left panel) and subsurface (right panel) frequency distribution of 
percent sand and clay content of Fitzgerald River catchment soil. 









Fig. 4.2. Surface (left panel) and subsurface (right panel) frequency distributions for 











Fig. 4.3. Surface (left panel) and subsurface (right panel) frequency distributions for 
dithionite-extractable Fe and Al concentrations and for Alox : AlDCB and Feox : FeDCB 










Fig. 4.4. Surface (left panel) and subsurface (right panel) frequency distributions for 
pyrophosphate extractable Fe and Al relative to dithionite extractable Fe and Al for 
soils of the catchment. Pyro-Fe indicate pyrophosphate-extractable Fe; DCB 
represents dithionite citrate bicarbonate. 
4.3.3 Phosphorus sorption coefficients 
 
  Phosphorus sorption data for both depths of sand, loamy sand and loam soils 
were fitted to Langmuir (plotted C v. C/S) and Freundlich (log C v. log S) equations. 
Phosphorus sorbed and equilibrium P concentration (EPC) increased with increasing 
levels of added P. The regression coefficient (R
2) for the Freundlich equation was 
larger than Langmuir equation for both soil depths (Appendix 4.1). The Freundlich k 
coefficient, which is a measure of reactive surfaces (abundance of sorption sites) 
ranged from 1-3.85 (mean 2.62) for surface and 1.58-3.55 (mean 2.50) for subsoil. 
The Freundlich n coefficient which is an indicator of the energy of adsorption varied 




loam soils had higher values followed by loamy sand and sand soils. The DPS was 
low, but higher for surface (range 0.1-31 %) than subsoils (range 0.2-13 %). Sand 
had the lowest PSC both in top and subsoil (218 mg/kg and 215 mg/kg) compared to 
loamy  sand  (448  mg/kg  and  427  mg/kg)  and  loam  (513  mg/kg  and  553  mg/kg) 
(Table 4.1). 
 
Table 4.1. Phosphorus sorption parameters (mean and standard error) for surface (0-
10 cm) and subsoil (10-30 cm) layers of loam, loamy sand and sand soils of the 
catchment. 
   
Loam (n = 10) 
 
 
Loamy Sand (n = 28) 
 






















































































































































































Note: PSC (P sorption capacity) = α (Alox + Feox); α = 0.5: Langmuir coefficient = (Smax and constant 
b  related  to  binding  energy);  Freundlich  coefficient  =  (coefficient  k  which  is  a  measure  of  total 
sorption surface and coefficient n which related to energy of sorption); SE- standard error of mean. 
4.3.4 The relationship between soil properties and sorption 
parameters 
   
  Correlation  matrix  between  soil  properties  (surface  and  subsoil)  and  P 
sorption parameters are presented in Table 4.2 and 4.3. A negative correlation was 




labile P (CaCl2-P) was positively correlated with DPS (r = 0.64**,  P  < 0.01) in 
surface soil and with Freundlich coefficient k both in surface (r = 0.56**, P < 0.01) 
and subsoil (r = 0.37**, P < 0.01) but negatively correlated with the Freundlich n 
coefficient (Table 4.2 and 4.3). Freundlich k was positively correlated to FeDCB, Feox, 


















Fig. 4.5. Adsorption curves for surface (0-10 cm) and subsurface (20-30 cm) loam, 
loamy sand and sand soil. C is the equilibrium P concentration (mg/l), S is the 
amount of P sorbed (mg/kg). Note- LS- loamy sand soil, L- loam soil and S- sand 
soil. 
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Fig. 4.6. Surface (0-10 cm) and subsurface (20-30 cm) Freundlich (log C vs log S) P 
isotherms for loam, loamy sand and sand soils in the catchment. C is the equilibrium 
P concentration (mg/l), S is the amount of P sorbed (mg/kg). Note- LS- loamy sand 




Fig. 4.7. Surface (0-10 cm) and subsurface (20-30 cm) frequency distributions for 
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Note: EC= electrical conductivity; TP-total P; OC-organic carbon; Fepyro/Alpyro-pyrophosphate extractable Fe and Al; Feox/Alox-oxalate extractable Fe/Al; FeDCB/AlDCB-citrate/dithionite 
bicarbonate extractable Fe/Al; Smax= Langmuir sorption maximum; b=Langmuir coefficient; k and n = Freundlich coefficients; DPS= degree of P saturation; ** Correlation significant at 























































































































































































































































































Note: EC= electrical conductivity; TP-total P; OC-organic carbon; Fepyro/Alpyro-pyrophosphate extractable Fe and Al; Feox/Alox-oxalate extractable Fe/Al; FeDCB/AlDCB-citrate/dithionite 
bicarbonate extractable Fe/Al; Smax= Langmuir sorption maximum; b=Langmuir coefficient; k and n = Freundlich coefficients; DPS= degree of P saturation; ** Correlation significant at 




























































































































































































































































4.4 Discussion  
4.4.1 Comparison with other studies in Western Australia 
 
The results of the present study showed that more than 60 % of samples had 
clay content > 20 % and DCB extracted larger amounts of Fe and Al compared to 
oxalate and pyrophosphate. These general findings are consistent with those reported 
by  Singh  and  Gilkes  (1991).  The  most  comprehensive  study  of  P  sorption 
characteristics of soils of south west Western Australia was conducted by Singh and 
Gilkes (1991) for 97 soils representing major agricultural areas. They concluded that 
amorphous  forms  of  Al  and  possibly  Al  substitution  in  iron  oxides  strongly 
influenced the P sorption of soils in south west Western Australia. The relatively 
high concentration of AlDCB in soils of the upper Fitzgerald River catchment may 
indicate that Al substitution in iron oxides was common in these soils as reported by 
Singh  and  Gilkes  (1991).  Holmgren  (1967)  reported  that  DCB  extractable  Al  is 
thought to be the Al that is substituted for Fe
3+ in crystalline Fe oxides. Norrish and 
Taylor  (1961)  concluded  that  DCB  extractable  Fe  and  Al  in  Australian  soils 
originated from Fe oxides, which in their research was mostly goethite. Dithionite 
extractable Fe and Al were related to one another (Table 2.4 and 2.5), especially in 
soils from 10-30 cm depth, which may be due to the considerable Al substitution in 
goethite and hematite that occurs in these soils. Singh and Gilkes (1991) for south 
west Western Australian soils reported an average 20 mol % and 11 mol % Al in 
goethite and hematite, respectively.  
 
Amounts  of  oxalate  and  pyrophosphate-extractable  Al,  expressed  as  a 
percentage of DCB-Al, were higher than corresponding values for Fe which indicates 





1969). The fact that the ratio of Feox: FeDCB > FeP: FeDCB and Alox: Al DCB > AlP: 
AlDCB suggest the abundance of amorphous forms of Fe and Al in soils. The Feox and 
FeDCB increased with clay content which may be due to amorphous and crystalline 
iron oxides being mostly present in the clay size fraction (Table 2.4 and 2.5)  as 
reported by Singh and Gilkes (1991).  
4.4.2 Relationship of soil properties with sorption parameters 
 
The primary objective of this study was to examine the relationships between 
soil properties and phosphate sorption characteristics of soils to assess the potential 
for P release from soils of the catchment. The P sorption data for different soil types 
were well described by linear forms of the Freundlich equation (Fig. 4.6). Based on 
R
2  values,  the  Freundlich  isotherm  was  better  in  predicting  P  sorption  than  the 
Langmuir isotherm for soils of south west Western Australia (Barrow and Shaw, 
1975; Singh and Gilkes, 1991; Burkitt et al., 2002). The better fit of the Freundlich 
equation may be explained by the fact that despite being an empirical equation, the 
Freundlich equation includes an affinity term which predicts that affinity decreases 
exponentially with increasing amount of adsorption (Barrow, 1978). Higher value of 
Freundlich k for surface soils indicates that soils have high P retention capacity. 
However, the Langmuir equation does not take into account variation in binding 
energy in relation to surface saturation by P (Bowden et al., 1977). Curvature was 
found when plotting Smax for Langmuir equation which might be due to the large P 
concentration range (Syers et al., 1971). The amount of P sorbed reached a plateau at 
the equilibrium P concentration less than 1 mg/l (Appendix 4.2), suggesting that P 
sorption sites on solid phase were approaching saturation, or that surface potential on 
the  surface  was  diminishing  (Barrow,  1987).  The  abrupt  change  in  slope  of  the 





that point of inflection (Cole et al., 1953; Veith and Sposito, 1977). Even though 
surface soil can retain larger amounts of P by precipitation at high P concentration, 
potential  risk  of  P  loss  in  runoff  and  leaching  can  not  be  excluded  when  the 
concentration of P in surface soils are high (Zhou and Li, 2001). The lower PSC of 
sand compared to loamy sand and loam suggested that these soils might have a lower 
capacity to retain P in profile and be more vulnerable to P leaching losses.  
 
The values obtained for sorption parameters are consistent with Singh and 
Gilkes (1991) for Western Australian soils. The Smax was positively correlated with 
DCB and oxalate-extractable Fe and Al which showed that organically bound Fe and 
Al (pyro) and poorly crystalline Fe and Al might account for sorption of P in the 
soils of the catchment. Indeed, OC in the top soil was positively correlated with pyro 
and  oxalate  extractable  Fe  and  Al  (Table  2.4  in  Chapter  2),  which  suggests  the 
association of organic matter with Fe and Al oxides and hydroxides, and that organic 
matter  inhibits  crystallization  of  Fe-  and  Al  oxides  and  hydroxides,  and  thereby 
promotes sorption capacity (Broggard et al., 1990). Organic carbon was associated 
with  mineral  components  as  measured  by  positive  correlation  of  OC  with  Alpyro 
(rsurface = 0.73**, rsubsurface = 0.50**, P < 0.01) and Fepyro (rsurface = 0.51**, rsubsurface = 
0.49**, P < 0.01). This is consistent with the selectivity of the pyrophosphate reagent 
for organically bound Fe and Al (McKeague, 1967). The stronger correlation for 
surface soils might be due to higher OC content of top soil. Pyrophosphate is capable 
of solublising organic matter, which plays an important role in the sorption reaction 
of phosphate, which is supported by the evidence that the PSC decreases with depth 
(Appendix 4.1). Other studies  have also  shown varying results  with  respect  to  P 
sorption capacity in the soil profile. Lookman et al. (1995) reported a significant 





higher rate of weathering and higher content of OM in the shallow layers could have 
promoted formation and stability of oxalate extractable Fe and Al.  
4.4.3 Phosphorus loss risk in relation to P sorption parameters 
   
The ability of soil to release sorbed P to soil solution P is dependent on both 
PSC and amount of P already sorbed. When the amount of P sorbed increases after P 
application to soils, P desorption tends to increase and this in turn, leads to increase 
in P loss via runoff or leaching (Zhou and Li, 2001). Generally, potentially mobile 
CaCl2-P is used to predict P risk losses from surface soil (Brookes et al., 1997). The 
Freundlich coefficient „n‟ (affinity constant) was negatively correlated with CaCl2-P 
which suggests stronger adsorption of P at low soil solution concentration. Positive 
correlation of CaCl2-P with Feox, DPS and clay content for both surface and subsoil 
(Table 4.2 and 4.3) implies that the release of P increased with P saturation (Borling, 
2003). Therefore, the association of inorganic P fractions with hydrated Feox surfaces 
might  be  available  for  runoff  and  throughflow  losses  in  DP  or  particulate  form 
(Barberris et al., 1996). However, the correlation between clay content and TP in the 
subsoil suggests the association of P with the clay fraction would promote mobility 
of P in the particulate form via throughflow. This suggestion is supported by the 
observation of Tiessen et al. (1983) that  the rate of loss of P increased with the 
decreasing particle size. Consequently, surface soils might be prone to more P loss 
risk in runoff from catchment soils due to higher DPS compared to subsoil. 
4.5 Conclusion 
   
The Freundlich isotherm provided a good fit to P sorption by the catchment 
soils and P precipitation was likely to occur at high P concentration in soil solution. 





association of P with  soil at  low P concentration. Oxalate-extractable  Fe  and Al 
provide an indirect estimation of PSC of soils. Lower PSC and affinity parameter of 
sand compared to loam and loamy sand soils suggests their low P retention capacity 
and therefore greater vulnerability to P leaching losses. The higher OM content of 
the surface soils might also bind onto clay and sesquioxide and inhibit P sorption, 
and  thus  increase  mobile  P  through  leaching.  This  is  supported  by  a  positive 
correlation of CaCl2-P with DPS and negative relation with Feox in the surface soil.  
 
The present  investigation of sorption  of inorganic P within  the catchment 
soils needs to be treated with some caution. In following chapters (Ch 6 and Ch 7), 
dissolved  organic  P  was  found  to  be  a  major  component  of  TDP  in  soils.  The 
sorption  reactions  of  DOP  are  likely  to  be  very  different  from  those  involving 














Stratification of P in the topsoils of the upper 
Fitzgerald River catchment to predict risk of P losses 
5.1 Introduction 
 
The head waters of the Fitzgerald River flow south from cropped land into 
FRNP which is UNESCO biosphere reserve of international significance and extends 
to  the  spectacular  coastline  of  the  Southern  Ocean.  This  and  other  rivers  add 
character to the park and are important components of diverse ecosystems. High 
stream nutrient concentration results in eutrophication, production of dense, toxic 
blue  green  algal  blooms  and  a  decline  in  ecosystem  function  (Hill  and  Schiller, 
2003).  The  export  of  P  from  agricultural  land  of  the  upper  Fitzgerald  River 
catchment threatens natural and cultural assets of the FRNP. 
  
The native land was cleared 40-50 years ago and cleared land is used for 
winter  grain  cropping  and  pasture  for  livestock.  The  cropping  rotations  and 
production mixes vary due to soil type and individual preference of farmers (Hill and 
Schiller, 2003). Fertilizer management practices have continued since the land was 
cleared  and  include  annual  fertilizer  application  to  maintain  the  productivity  of 
pastures  on  naturally  infertile  soil.  Phosphatic  fertilizer  mostly  in  the  form  of 
superphosphate or DAP was applied through broadcasting (pasture) and drilling with 
seeds (grain crops) in the catchment. Application of phosphatic fertilizers since land 
clearing led to a gradual build up of P in the soils of the catchment, particularly in the 
western  sector  (Chapter  2).  These  accumulated  P  inputs  coupled  with  minimal 





build up of P near the immediate soil surface (Haygarth et al., 1998; Sharpley, 2003). 
The most vulnerable part of the soil profile for P loss is the 0-1 cm layer of soil 
through exposure to surface runoff and intensive rain events, which leads to severe 
consequences to the environment (Sharpley, 1995; Indiati and Diana, 2004).  
 
Export of P by runoff from agricultural land is a serious surface water quality 
hazard (Anon, 1998). Most of the P lost through runoff from pastures is in dissolved 
form (< 0.45 µm, Halliwell et al., 2000) and is difficult to control since it is highly 
bio-available. Apart from this fraction, colloidal (i.e. P associated with particles < 
0.001 µm) and OP also contribute considerably to P transport by runoff (Hens and 
Merckx,  2002;  Heathwaite  et  al.,  2005).  Further  the  proportion  of  colloidal/non-
colloidal  and  inorganic/organic  P  form  lost  in  surface  runoff  varies  widely  as  a 
function of P (Nelson et al., 1996; Heathwaite et al., 2005). Dissolved organic and 
inorganic soil P lost in runoff are a concern because of their easy availability in 
enhancing algal growth (Chardon et al., 1997; Beauchemin et al., 1998).  
 
Soil P that is available to crops is commonly measured for the surface 10-20 
cm depth and determined using standard soil testing procedures (Colwell-P, Olsen-
P), depending on soil characteristics. Many researchers indicated good correlation 
between soil P concentration and P content of runoff water (Sharpley et al., 1984; 
Sharpley, 1995; McDowell and Sharpley, 2001). Additionally, it was reported that 
soil P at 0-5 cm depth was strongly correlated with P losses through surface runoff 
because soil-runoff interaction and P mobilization occurred close to the soil surface 
(Sharpley, 1985; Pote et al., 1996; Torbert et al., 2002). Hence, determining the P 





identification of P stratification with soil depth may be very helpful in accurately 
predicting P loss (Mamo et al., 2005).   
 
Although numerous studies have investigated the forms of P in the top 5-30 
cm of the soil profile (McDowell and Sharpley, 2001; Turner et al., 2003) and their 
relationship with P loss through runoff (Sharpley, 1995), detailed examination of 
toposequences  for  stratification  in  the  top  10  cm  of  the  soil  has  not  yet  been 
systematically studied in Western Australia despite the large potential reduction in 
runoff P export obtained from destratification (Sharpley, 2003). Hence the present 
study investigated the pattern and forms of P accumulation in the upper 10 cm of soil 
profiles  along  toposequences  in  the  landscapes  of  the  upper  Fitzgerald  River 
catchment, on the South coast region of Western Australia. The main aim of this 
chapter  was  to  examine  the  relationship  between  soil  P  status  and  degree  of  P 
stratification in the 0-10 cm layer as it relates to position in toposequences in the 
catchment to predict its impact on runoff P loss.  
5.2 Materials and methods 
5.2.1 Catchment management environment           
 
Catchment management and the environment of the FRCDI were described in 
Chapter 1 (section 1.3). Farm properties in the catchment were surveyed in order to 
define  patterns  of  fertilizer  use,  nutrient  status  in  relation  to  land  use  and  other 
factors to identify areas of potential high nutrient input and loss. For collection of 
fertilization history, farmers in the catchment were interviewed about farm clearing 






 Overall,  most  clearing  of  native  vegetation  in  the  upper  Fitzgerald  River 
catchment occurred from 1960 to 1988. The fertilization history data show that the 
western sector was cleared earlier (1960-70) while the eastern sector (Chapter 2, Fig. 
2.1) was cleared 10 years later (1970-80). The average P input in the western sector 
was 15 kg P/ha/year over 36 years whereas the eastern sector has received an average 
13 kg P/ha/year over 16 years. On the total agricultural land, ~ 60 % was covered 
under cereals and ~ 40 % under pasture. The P fertilizer was broadcast applied on 
pasture (superphosphate @ 100 kg/ha)  and  by  drill  application with cereal  seeds 
(DAP @ 50-60 kg/ha). The slope across the farm in the catchment varied from gentle 
to  moderate.  Soil  in  the  catchment  prone  to  wind  erosion,  when  the  land  is 
overgrazed (sheep), and mostly wind erosion is observed once in 5 years. Runoff 
carries away soil particles into dams or waterways mainly with extreme events, if 
heavy rainfall occurs in a short time span (personnel communication from farmers of 
the catchment). 
5.2.2 Sampling method 
 
Soil sampling locations were selected based on an earlier catchment soil P 
map and the hydrological risk areas (HRA) predicted by Ferdowsian (Appendix 2.4) 
(M. Wong, personal communication). Soil samples for the stratification study were 
collected in February 2007 and February 2008 (Fig. 5.1). Composite soil samples 
were collected from 11 sampling locations (Fig. 5.1) representing high P (P > 30 
mg/kg), medium P (P 15-30 mg/kg) and low P status (P < 15 mg/kg) (Hazelton and 
Murphy, 2007) of the catchment. Ten cores were taken at each sampling location 






A second sampling (2008) was conducted along toposequences at 5 different 
locations of the catchment where stream water monitoring devices were installed by 
CSIRO (Fig. 5.1). The sampling depths were the same as that of the previous year 
and the samples were collected from five positions (Fig. 5.2) on each toposequence 
(Upslope, mid slope 1, mid  slope 2, lower slope, and streambed). Samples  were 
bulked, air-dried and passed through a 2 mm sieve for various physico-chemical 
analyses.   
 
Fig. 5.1. Sampling locations for the stratification study in the upper Fitzgerald River 
catchment. Blue coloured circles represent stratification sampling sites in 2007 and 
black coloured cross represents toposequence sampling locations in 2008. 
 
 






5.2.3 Soil analysis  
 
Methods  used  for  determining  soil  pH  and  electrical  conductivity  (EC), 
CaCl2-P and Colwell-P are explained in Chapter 2.  Water soluble organic carbon 
(SOC) was estimated by the procedure outlined by Ghani et al. (2003). Water soluble 
organic carbon was extracted from 3 g of air dried soil (< 2 mm) weighed into 50 ml 
centrifuge tubes and extracted by adding 20 ml of DI water, shaking for 30 min on an 
end–over-end  shaker  followed  by  centrifuging  for  20  min  at  4000  r.p.m.  The 
supernatant was filtered using Whatman 42 filter paper and the SOC in the filtered 
centrifuged  extract  was  analyzed  by  dichromate  oxidation  (Walkley  and  Black, 
1934).  
5.2.4. Statistical analysis 
 
Statistical  analysis  (mean,  standard  error  of  mean,  rank  correlation)  was 
performed with SPSS software version 13 Mac computer package. Linear regression 
equations were also computed to assess relationships between factors using Excel 
2003. For stratification data, effect of site, slope position and depth on P stratification 
in the catchment were analysed as a three way interaction effects in a factorial design 
using Statistic 8 software.  
5.3 Results 
5.3.1 Soil Characteristics  
 
Soils of the catchment varied widely in their P status and a summary of the 
key surface soil properties (0-10 cm) is shown in Table 5.1. The distribution of P in 
various forms showed a wide variation among soils. Maximum values of all the P 






Table 5.1. Physico-chemical properties of surface (0-10 cm) soils from the upper 






Surface (0-10 cm) 
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Note: mS/m – millisiemens per metre; cmol/kg - centimole per kilogram; Min - Minimum; Max - 
Maximum; SE - Standard error of mean. 
5.3.2 Stratification of phosphorus 
 
The stratified distribution of pH, EC, Colwell-P and CaCl2-P in the catchment 
soils is shown in the Fig. 5.3. The highest concentrations of Colwell-P and CaCl2-P 
are in the top 0-1 cm and values decreased with depth. For the initial stratification 
sampling  carried  out  during  2007,  the  average  value  of  CaCl2-P  for  the  0-2  cm 





cm  depth.  EC  decreased  with  increasing  soil  depth  to  5  cm  and  then  remained 
unchanged. 
 
Fig. 5.3. Depth wise distribution of (a) pH (H2O) (b) EC (c) Colwell-P (d) 0.01 M 
CaCl2-P in the 2007 stratification sampling. Horizontal bars represent standard error 
of mean.  
 
 
In the 2008 toposequence sampling, pH (H2O) at 0-1 cm at all sites except 
CBH Creek decreased down slope while EC increased down slope (Appendix 5.1). 
Significant  stratification was  noted for CaCl2-P, Colwell-Pi, Colwell-Po and SOC 
with respect to depth and slope position. The CaCl2-P concentration decreased with 
respect to depth and slope position at all sites whereas Colwell-Pi differs only with 
slope  postions  x  site  (P  <  0.05,  Appendix  5.2).  The  Colwell-Po  concentration 
significantly decrease with respect to depth at all positions but downslope increase in 
concentration  occurred  at  Susseta,  Robies  and  Bee‟s  Cameron  creeks.  The  SOC 
concentrations increased both at slope position and depth (P < 0.05, Appendix 5.2). 






2 = 0.59). The CaCl2-P was positively correlated with Po at all depths (P < 
0.01). 
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Fig. 5.4. Linear relationship between Colwell-P in the 0-1 cm layer with Colwell-P 






Table 5.2. Properties of the 0-1 cm soil at upper, mid 1, mid 2, down slope and stream bed positions along toposequences at 5 sites (where 
stream water monitoring devices are installed) in the catchment (n=5). See Fig. 5.1 for a schematic of toposequence sampling locations. Values 




















Susseta Ck  Up slope  6.22  1.43  60.9  90  29.1  0.10  0.03 
  Mid-1 slope  6.37  1.59  17.6  80  62.4  0.73  0.03 
  Mid-2 slope  6.02  2.31  15.6  70  54.3  0.82  0.04 
  Down slope  5.65  12.4  8.29  40  31.7  1.35  0.12 
  Stream  6.21  18.0  15.9  90  74.1  0.66  0.16 
Robbie Ck  Up slope  7.43  2.42  11.7  60  48.3  0.15  0.02 
  Mid-1 slope  7.18  2.45  11.9  60  48.1  0.07  0.03 
  Mid-2 slope  7.13  3.34  14.2  70  55.9  0.15  0.04 
  Down slope  6.44  2.30  16.1  80  63.9  1.30  0.07 
  Stream  5.09  6.02  4.50  50  45.5  0.01  0.17 
Jacup south Ck  Up slope  6.01  2.86  22.3  90  67.7  0.83  0.04 
  Mid-1 slope  6.17  1.43  17.9  80  62.1  1.10  0.05 
  Mid-2 slope  6.27  1.12  13.6  60  46.3  0.89  0.05 
  Down slope  5.84  1.75  11.8  70  58.2  1.70  0.13 
  Stream  6.55  8.82  5.32  30  24.7  0.14  0.18 
Bees cameron Ck  Up slope  6.23  1.62  14.8  70  55.2  1.04  0.05 
  Mid-1 slope  6.00  1.28  22.1  100  77.9  0.89  0.03 
  Mid-2 slope  6.15  2.51  12.2  70  57.8  1.24  0.06 
  Down slope  5.50  10.5  14.2  80  65.8  0.35  0.16 
  Stream  5.90  17.9  5.62  30  24.4  0.02  0.15 
CBH Ck  Up slope  5.72  21.9  7.16  50  42.8  0.16  0.03 
  Mid-1 slope  5.61  1.07  11.0  60  49.0  0.24  0.01 
  Mid-2 slope  5.75  0.94  5.93  40  34.1  0.13  0.02 
  Down slope  5.94  1.42  7.11  40  32.9  0.17  0.04 
  Stream  5.43  1.90  3.78  50  46.2  0.00  0.05 
 






Table 5.3. Rank correlation matrix for relationships between  extractable P forms 
(bicarbonate and CaCl2) and soil properties for several depths for soils collected in 












































Colwell-Pi   -0.489(**)  1                
Colwell -TP   -0.318(*)  0.902(**)  1             
Colwell-Po   -0.139  0.666(**)  0.886(**)  1          
CaCl2-P   -0.080    0.406(*)  0.437(**)  0.496(**)  1       
SOC  0.752(**)   -0.188   -0.035    0.066  0.180  1    
pH (H2O)   -0.305    0.371(*)    0.180    0.043  0.041  -0.239  1 







   
  
Colwell-Pi  -0.700(**)  1                
Colwell -TP   -0.702(**)  0.951(**)  1             
Colwell-Po   -0.688(**)  0.892(**)  0.986(**)  1          
CaCl2-P   -0.331(*)  0.596(**)  0.560(**)   0.520(**)  1       
SOC  0.596(**)   -0.226    -0.223   -0.224  0.119  1    
pH (H2O)    0.078    0.018     0.001   -0.003  -0.235  0.055  1 










Colwell-Pi  -0.800(**)  1                
Colwell -TP  -0.758(**)  0.942(**)  1             
Colwell-Po  -0.699(**)  0.877(**)   0.986(**)  1          
CaCl2-P  -0.429(**)  0.689(**)   0.694(**)    0.667(**)  1       
SOC  0.376(*)   -0.195     -0.207    -0.195  -0.054  1    
pH (H2O)  0.441(**)   -0.324(*)     -0.413(**)    -0.428(**)  -0.290  0.148  1 









Colwell-Pi  -0.766(**)  1                
Colwell -TP  -0.665(**)  0.905(**)  1             
Colwell-Po  -0.549(**)  0.771(**)  0.966(**)  1          
CaCl2-P  -0.429(**)  0.677(**)  0.585(**)   0.471(**)  1       
SOC    0.310   -0.293    -0.245   -0.173  -0.053    1    
pH (H2O)  0.363(*)   -0.173    -0.107   -0.037  -0.063  0.264  1 
EC     0.291   -0.251    -0.171   -0.098  -0.170  0.474(**)  0.187 
 
Note:  EC- electrical conductivity; Po – organic P; Pi – inorganic P; SOC – soluble organic carbon; TP 







     
    Stratified P distribution was observed for both bicarbonate-extractable P and 
CaCl2-extractable P, and concentrations were 2-3 times higher in surface layers (0-2 
cm) than at 5-10 cm (Fig. 5.3). Similar decreases in soil P with increasing soil depth 
were reported by Diaz-Zorita and Grove (2002) who reported greater extractable P 
concentration in the surface (0-2.5 cm) silt loam soils, and Dougherty et al. (2006) 
who observed significant stratification of CaCl2-P in chromosols of the Adelaide hills 
of South Australia. Repeated application of fertilizer P in the absence of soil tillage 
increase the stratified soil P in the 0-1 cm layer which may contribute significantly to 
higher  P  loss  in  runoff  (Sharpley,  1985;  Vadas  et  al.,  2005).  Nevertheless,  the 
bicarbonate  extractable  P  in    0-1  cm  soil  layer  was  low  compared  to  other 
stratification studies of top soils as observed for example in soils used for dairying in 
South  Australia  (Dougherty  et  al.,  2006).  The  average  bicarbonate  extractable  P 
reported for 0-1 cm depth in the above study was 28-148 mg/kg, which was very 
much larger than the present investigation (8-23 mg/kg). Neverthless most values in 
the present study were > 15 mg Colwell-P/kg (see Chapter 2). 
     
    Bicarbonate extractable Po represented 81 % of total Colwell extractable P in 
the stratified profiles collected along toposequences (Appendix 5.1). Higher values 
of Colwell-Po compared to Colwell-Pi at 0-1 cm depth in lower slope  positions (P < 
0.05, Appendix 5.2) might be due to high surface organic matter content (Araujo et 
al. 2004; Shariatmadari et al., 2007) and association of P with fine clay particles. 
Accumulation of Po near the soil surface (0-1 cm) may have a detrimental impact on 
surface water quality, if soil materials or runoff are transported from fields to surface 





    The presence of greater amounts of coarse sand on the lower slopes and its 
transportation down the slope during severe wind erosion has been reported for the 
South  coast  region  of  Western  Australia  (Nicholas,  2005).  In  addition,  during 
episodic runoff events,  displacement of clay-sized particles  and organic materials 
down the slopes and their accumulation in the lower parts of landscape might be 
responsible for the varied distributions of P forms and their accumulation in different 
toposequence positions.  
     
    The correlation between Colwell-P at 0-10 cm was closer for 0-1 cm depth 
than for other depth increments. This indicates that water contamination risk due to 
surface runoff and erosion could be based on analysis of 0-1 cm depth rather than 
analyzing the 0-10 cm layer, which is the standard soil sampling depth in this region. 
Colwell-P was used to predict P loss risk instead of CaCl2-P which is mostly used for 
P mobilization because there was no interpretation for CaCl2-P in Western Australia 
soils. However, assessment of P risk using 0-10 cm data would still be reliable as the 
P concentration in 0-1 cm layer was reasonably well correlated (R
2 = 0.59) with the 
concentration in the 0-10 cm layer.  
   
  Despite the consistently high DP concentrations in streams of the catchment 
(M.  Wong,  personal  communication),  a  low  P  concentration  was  found  in  the 
streambeds sampled from the Jacup and Bees toposequences compared to catchment 
soils. Incoming P to the streambed from the landscape through erosion of sediment in 
runoff was  expected to increase the accumulation of P in streambed sediment as 
apparently occurred in the Susseta Creek toposequence. However, in 2006 and 2007, 
severe storm events occurred in the catchment and might have scoured upstream bed 





transportation of P not only along toposequences but also along streambeds in the 
upper Fitzgerald River catchment. Some toposequences appear to be more at risk of 
such episodic P losses by scouring of streambeds. Another reason for low P levels in 
the streambed samples might be due to higher sand deposition near the streambed 
through wind erosion (personnel communication with farmers during interview). 
   
    The high soluble P levels in stream water may be due to the movement of P 
as dissolved organic forms rather than as PP. Organic matter in the sediments may 
also play an important role in the P release processes (Davison and Heany, 1978) and 
affect  the sorption/release of both  organic and  inorganic  P compounds, and their 
transformation (Verdouw and Dekkers, 1980; Lopez et al., 1996; Karthikeyan et al., 
2004). 
5.5 Conclusion 
   
  The TP and Colwell-P concentrations of the surface soils of the catchment 
were  very  low  in  comparison  to  other  studies  but  nevertheless  significant 
stratification  of  P  with  respect  to  depth  was  observed.  Two  times  higher  P 
concentration was found in the 0-1 cm depth increment compared to 0-5 cm or 0-10 
cm depths. Organically bound Po was the major fraction of total Colwell extractable 
P compared to Colwell-Pi near in the surface soil (0-1 cm) which suggests a strong 
association between P and OM. Thus, it is predicted that water contamination risk 
due  to  P  in  the  upper  Fitzgerald  River  catchment  was  contributed  to  by  surface 











Phosphorus mobility through intact soil cores 
collected from the Fitzgerald River catchment 
following application of different rates of P 
6.1 Introduction 
 
Phosphate fertilizers played an important role in the agricultural development 
of the south west Western Australia but continuous use of P fertilizers for several 
decades  led  to  a  gradual  build  up  in  soil  P  (Samadi  and  Gilkes,  1998).  These 
accumulated  P  inputs  coupled  with  recent  adoption  of  minimum  tillage  for  crop 
establishment and a strong affinity of soils for P, results in the accumulation of P 
near the soil surface (see Chapter 5), where it  has the greatest potential for P loss 
though overland flow (Sharpley, 1995). Phosphorus loss may vary with duration and 
intensity of rainfall levels (Hodgkin et al., 1980) and is also influenced by other 
factors such as soil properties, environmental conditions and management practices 
including P fertilizer. Generally P export from agricultural catchments occurs via 
overland flow either in solution or in particulate form (Trughill, 1990; Nash and 
Murdoch, 1997). 
 
Phosphorus export to surface waters through leaching is an important source 
of P loss from soil in catchments (Sharpley and Menzel, 1987; Hesketh and Brookes, 
2000).  The  export  of  P  was  also  noted  under  relevant  specific  environmental 
conditions in deep sand soils due to rapid infiltration of water and limited P sorption 
(Ozanne et al., 1961; Mansell et al., 1977; Peverill et al., 1977; Sharpley et al., 1993; 
Humphreys and Pritchett, 1971), and in soils receiving large quantities of P fertilizer 





fertilizer  application  was  also  observed  in  the  deep  grey  sand  soils  of  the  Swan 
Coastal Plain of Western Australia (Yeates et al., 1984). A contrasting opinion is 
that, when the soil reservoir of soluble P is unsaturated, P will not leach more than a 
few centimetres into a soil profile that contains significant amounts of clay, due to 
rapid  sorption  occurring  at  the  surfaces  of  Fe  and  Al  oxides  and  Ca  and  Mg 
carbonates  (Rajan  et  al.,  1974;  Rolston  et  al.,  1975;  Bolt,  1976;  Bonneau  and 
Souchier, 1982; Trughill, 1990; Cresser et al., 1993). Exceptions may occur in peat 
or other soils having high organic matter content. 
 
Much work has been conducted on undisturbed soil cores to understand P 
mobilization  through  leaching  (Jury  and  Fluhler,  1991).  Recent  studies  on 
undisturbed soil cores from South Australia showed P mobility varies with clay, Al, 
and  Fe  oxide  content  of  the  soils  especially  due  to  variations  in  numbers  of 
macropores (Kirkby et al., 1997). Macropores are regarded as preferential pathways 
for P movement through the unsaturated zone in agricultural soil. In macropore flow, 
DP  may  be  transported  through  soil  columns,  resulting  in  P  mobilization  to 
subsurface layers (Grant et al., 1996). The quantity of P leached mainly depends on 
the sources of applied P. Out of the various fractions of P, DOP could move to a 
greater  depth  compared  to  DRP  due  to  reduced  interaction  with  soil  colloids 
(Hannapal et al., 1964; Chardon et al., 1997). Macropore flow, which essentially 
bypasses  much  of  the  soil  matrix,  can  markedly  reduce  the  opportunity  for  P 
adsorption during infiltration (Bottcher et al., 1981; Richard and Steenhuis, 1988; 
van  Ommen  et  al.,  1989;  Kladivko  et  al.,  1991).  Hence,  the  transport  of  P  via 
subsurface flow has the potential to be environmentally significant even in a soil that 





To quantitatively study the effects of soil type on P transport from cropping 
landscapes near the South coast region of Western Australia, a study was carried out 
on undisturbed soil cores to provide an understanding of the potential P mobility. 
The intact soil cores collected from agricultural land in the upper Fitzgerald River 
catchment were transported to the laboratory and a controlled leaching study was 





Fig. 6.1. Locations of sites where intact soil cores were collected from the upper 
Fitzgerald River catchment. 
6.2 Study site characteristics 
 
Characteristics  of  the  study  sites  in  the  Fitzgerald  River  Catchment  were 
described in Chapter 2.  
6.3 Materials and methods 
6.3.1 Soil core collection and preparation 
 





moderate P-loss risk areas of the catchment in January, 2007 from three dominant 
soil types (sand, clay and loam soils) which represent the main agricultural soils in 
the catchment (Fig. 6.1). A manual steel soil corer was designed and made by VEEM 
Engineers, WA which consists of one steel outer core which receives an internal 
PVC pipe of slightly greater internal diameter than that of the cutting edge (Fig. 6.2). 
Supply of these pipes enabled the removal of cores from the pit without damage. The 
pipe containing the core was then capped at both ends. For each soil type, 12 cores 
were obtained by driving
 10-cm-diameter PVC pipes to a depth of 20
 cm into the 
soil. Soil was wetted before collection of intact cores from clay and loam soils due to 
soil hardness. The columns were inserted into the end caps,
 with sand (acid-washed 
Rocla Sand) placed in the space between the soil and the end cap.
 The cores were 
packed and sealed in the field and transported to the laboratory very carefully with 
minimal disturbance. To prevent possible edge flow between the soil and the PVC 
cylinder, the lower end of voids was sealed with silicon and the filter units were 
joined to the bottom of columns using silicon sealant.  
 
For leachate collection
 from the columns, one hole was drilled into a PVC 
end cap and a short tube filled with glass wool was glued
 into this hole. The capped 
columns were placed vertically on a rack in the glasshouse at Murdoch University 
(Fig. 6.3 b). The surface soil of the columns were covered with acid-washed glass 
beads and marbles for the even distribution of water and sealed with plastic covers to 








                       
Fig. 6.2. Diagram of sampling bit. 
6.3.2 Preparation and installation of Rhizon soil solution samplers 
in soil cores 
 
Horizontal holes were drilled into the PVC cylinders at 5, 10 and 15 cm depth 
below  the  soil  surface  (Fig.  6.3  c).  A  steel  rod  (4  mm  diameter)  was  pushed 
horizontally through the holes to make room for easy placement of Rhizon samplers 
into the soil. Soil solution was obtained from a Rhizon sampler (made of hydrophilic 
polymer  with  a  pore  diameter  0.1  µm)  by  attaching  an  evacuated  10  ml  glass-
sampling vial sealed with a rubber stopper containing a septum for injecting solution 
samples.  The  vacuum  in  the  sampling  tube  was  sufficient  to  obtain  7-8  ml  soil 
solution  sample  over  8  h  (Menzies  and  Guppy,  2000)  which  was  transferred 






Fig. 6.3. (a) View of intact soil core collection in the field (b) Glasshouse experiment 
conducted at Murdoch University (c) Depth wise collection of soil solution (change 
of color) in the column during leaching (d) View of column before sectioning soil (e) 
Rhizon soil solution sampler. 
6.3.3 Leaching events and method of P application 
 
Annual rainfall received in the upper Fitzgerald River catchment is 450-500 
mm. Equivalent annual rainfall was applied by irrigating the cores with 25 mm of 
water (196 ml of deionised water per column) every 4 days. A total of 20 irrigations 





the  catchment  and  the  soil  solution  and  leachate  were  collected  during  the
  24-h 
period  following  irrigation.  Three  P  rates  (0,  20  and  40  kg  P/ha)  were  sprayed 
uniformly at the surface soil of the cores as a solution of inorganic KH2PO4 dissolved 
in deionised water. The experimental design was a randomized block design (RBD) 
with four replications. 
6.3.4 Soil sampling 
 
After the completion of 20 leaching events, soil cores were transferred to the 
laboratory for sectioning into four depths  (0-2.5, 2.5-5.0, 5-7.5 and 7.5-17.5 cm) 
using an angle grinder (Fig. 6.4 a). Samples were then air-dried and passed through a 




Fig. 6.4. (a) View of the process of cutting an intact column with an angle grinder; (b, c, d) sand, 
clay and loam soils in intact columns after cutting. 
 
6.3.5 Soil and leachate analysis 
 
Details of the methods used to measure soil pH, EC, CaCl2–P and Colwell-P 
are  given  in  Chapter  2.  Soil  solution  from  the  1
st  and  2





analysed  to  determine  effects  of  short  term  leaching,  and  from  the  7
th  and  20
th 
leaching events to determine longer term effects.  
 
Field capacity and soil moisture content were measured by a porous plate 
pressure chamber method at several matric potentials (-0.033, -0.1, -0.5 and -1.5 
MPa) using -0.1 MPa and -1.5 MPa plates (Marshall et al., 1996). Total porosity was 
computed using the bulk density and particle density of the soil (McKenzie et al., 
2002). An arbitrary distinction was made between pores i.e., macropores that are full 
of air at field capacity and mesopores or micropores that are full of water at wilting 
point (Leeper and Uren, 1993) and calculated as below   
                  Total porosity = 1-bulk density/ particle density; 
  Macro pores (%) = (Total porosity- field capacity) x 100; 
Meso pores (%) = (Total porosity – wilting point) x 100 
 
Soil solution samples and leachate were collected and stored in a freezer at -
20ºC. The pH and EC were measured for all samples and solutions were then filtered 
through a 0.45 μm membrane filter for inorganic P (DRP) analysis. The fractions 
measured in stream water or soil solution are defined by filter pore size and method 
of analysis and do not precisely correspond to specific P components (Haygarth and 
Sharpley,  2000).  The  DRP  is  usually  determined  by  the  ammonium  molybdate-
ascorbic acid method (Murphy and Riley, 1962) on filtered soil solution usually 0.45 
μm membrane filter, but sometimes a smaller pore size. This fraction is assumed to 
represent  soluble,  mobile  and  hence  biologically  available  forms  of  P.  Other 
fractions, such as organic and condensed forms of P are potentially less bioavailable 
because  P  is  retained  within  or  attached  to  an  inorganic  complex/inorganic 





determined from filtered samples through ICP. Dissolved OP was calculated from 
the difference between TDP and DRP.  
6.3.6. Statistical analysis 
 
Simple descriptive statistics of soil, soil solution and leachate characteristics 
(mean, range and standard error) were produced using Excel (Microsoft Window). 
Change point was identified by using a regression stick method (Smet and Ward, 
2006). Correlation between soil P measures and different P forms in soil solution and 
leachate were determined by using SPSS 16 software for Windows. The analysis of 
variance was performed using a split-split plot model for every event to analyse the 
effect  of  P  rates  with  respect  to  depth  using  Statistic  8  software.  The  F-test  was 
calculated at P < 0.05 to examine the significant effect within P treatments and depths. 
6.4 Results 
6.4.1 Basic soil properties 
 
Basic  soil  characteristics  of  sand,  clay  and  loam  soils  used  in  the  intact 
column leaching study are given in Table 6.1. The surface soils were moderately 
acidic and non saline. The bicarbonate extractable-P in sand, clay and loam soils was 
23, 24, and 36 mg/kg, respectively, and decreased with depth. Surface samples of all 
the  soils  had  higher  OC  concentrations  compared  to  subsoils  (Table  6.1).  The 
exchangeable Na and ESP were higher for the clay and loam soils (Table 6.1). The 
gravimetric water content in the sand at -0.033 MPa was < 10 % whereas clay and 
loam soils contained > 19 %. A higher percent of macropores was present in sand 
soil especially with increasing depth (Appendix 6.1). The percent macropores in clay 
and loam soils in the subsoil (10-15 cm) was half the values for the surface soil but 
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Fig. 6.6. Depthwise pH values of soil solution at leaching events 1, 2, 5, 7, 18 and 20 for sand, clay and loam soils and at three rates of P application. 






































































































Fig. 6.7. Depth wise electrical conductivity (EC) values of soil solution at leaching events 1, 2, 5, 7, 18 and 20 in sand, clay and loam soils and three P 





6.4.2 Effect of leaching on soil solution pH and EC 
The soil solution pH and EC varied with soil types. In the sand soil, pH and 
EC varied from 4.60-4.92 and 2.12-3.07 mS/cm, respectively, after the first event. 
With succeeding leaching events, an increase in pH and decrease in EC were noted 
(Fig. 6.6 and 6.7). The pH of soil solution in the 1
st and 20
th events ranged from 4.50-
4.92  and  6.03-8.05,  respectively,  in  the  clay  soil  and  increased  with  depth  and 
leaching events.  The pH of soil solution in  clay soil significantly  increased with 
depth compared to sand and loam soil in all the events (P < 0.05, Appendix 6.2-6.5). 
The EC of soil solution in the clay soil after 1
st and 20
th event varied from 2.25-4.68 
mS/cm  and  0.14-0.83  mS/cm,  respectively,  decreasing  with  successive  leaching 
events (Fig. 6.6 and 6.7). For the loam soils, pH varied from 4.52-5.82 and 5.10-6.37 
after 1
st and 20
th leaching events, respectively, and  the respective EC values were 
1.62-4.46 dS/m and 0.18-0.40 mS/cm (Fig. 6.6 and 6.7).  Significant decrease in EC 
values were noted with respect to events in all soils and values on the sand soil were 
lower than from clay and loam soil (P < 0.05, Appendix 6.2-6.5). 
6.4.3 Phosphorus concentration in Rhizon soil solution 
 
The TDP concentration after the 1
st leaching event in sand soil ranged from 
0.95-51 mg/l and the P concentration increased with increasing P application rate (P 
< 0.05, Fig. 6.10) but decreased with leaching events at both 5 and 10 cm depth. 
However,  at  10-15  cm  depth  a  marked  increase  in  P  concentration  was  found 
between 2
nd and 7
th events followed by a decline with time. Dissolved OP (0.63-39 
mg/l) represented a larger proportion of TDP than DRP (0.31-12 mg/l) in sand after 
the 1





For the clay soil, the TDP concentration after the 1
st event varied from 0.20-
22  mg/l  and  decreased  with  succeeding  leaching  events  (Fig.  6.10).  The  TDP 
concentrations in the soil solution of the clay soil were lower than for the sand. An 
increase in TDP concentration occurred with increased P application. The loss of P in 
soil solution at 0-5 cm depth decreased markedly after the first two events followed 
by a more gradual decrease in loss with leaching period (P < 0.05, Appendix 6.2-
6.5). At 10 and 15 cm depth, an increase in TDP concentration occurred from the 2
nd 
to 7
th leaching event and it gradually dropped afterwards (Fig. 6.10). Some cores in 
the clay soil ceased to drain after the 4
th event and the number of cores affected 
increased until the 7
th leaching. After 7
th leaching event, most of the cores of clay soil 
were blocked which resulted in ponding at the surface and a distinct change in colour 
of soil solution from yellow to dark brown occurred at 15 cm depth.  
 
After the first event, TDP concentration varied from 1.14-29 mg/l in loam 
soil and increased with P application (Fig. 6.10). The P concentration in soil solution 
of the loam soil was less than for the sand soil but larger relative to clay soil. The TP 
concentration  during  each  leaching  event  decreased  markedly  after  the  first  two 
leaching events along with a gradual decrease in concentration with depth. Dissolved 
OP was the predominant fraction followed by DRP and at 0-5 cm depth amounts 
decreased with successive leachings (P < 0.05, Appendix 6.2-6.5). DOP increased 
after the 1
st two events at 5-10 and 10-15 cm depths.  
 
Initially soil solution (control) without P application had a DRP of < 2 mg/l 
but with increased P application an increase in P concentration was found regardless 
of soil depth and type (P < 0.05, Appendix 6.2-6.5). The increase in the soil solution 
P  from  P  application  was  high  for  2
nd  and  7





concentration no longer changed with time in all soil types (P < 0.05, Appendix 6.2-
6.5). With the increase  in  time of contact  of fertilizer with  soil, P concentration 
decreased in sand soil and to a lesser extent in clay and loam soil. Dissolved organic 
P constituted the main proportion of TDP in soil solution at depth after application of 
inorganic  P  and  accounted  for  the  following  percentage  of  TDP  after  the  first 
leaching:  
Sand 0-5 = 61-76 %, Sand 5-10 = 43-64 %, Sand 10-15 = 67 %;  
Clay 0-5 =19-59 %, Clay 5-10 = 15-44 %, Clay 10-15 = 70 %;  
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Fig. 6.8. Dissolved reactive P (DRP) values at leaching events 1, 2, 7 and 20 for 3 depths in sand, clay and loam soils and three rates of P 
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Fig. 6.9. Depth wise dissolved organic P (DOP) values in soil solution at leaching events 1, 2, 7 and 20 in sand, clay and loam soils and at three P 
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Fig. 6.10. Depth wise total dissolved P (TDP) values in soil solution at leaching events 1, 2, 7 and 20 in sand, clay and loam soils and at three P 








6.4.4 Phosphorus concentration in leachate  
 
The amount of water used for leaching was decided based on the annual rainfall 
of the catchment (500 mm) and applied to the intact soil cores in 20 leaching events 
(196  ml/core/leaching  event).  The  cumulative  leachate  volume  collected  during  20 
events (Fig 6.11) in sand (2540-2843 ml) was significantly higher (P < 0.05, Appendix 
6.6) compared to loam (2291-2803 ml) and clay (1337-1598 ml). An increase in the 
volume of leachate per event collected at the bottom of column was noticed up to 7
th 
leaching event followed by a gradual decline in all soil types (data not shown).  
 
The  pH  of  the  leachate  was  acidic  to  neutral  in  sand  (5.74-6.71),  neutral  to 
alkaline in clay (6.57-8.69) and acidic to slightly alkaline in loam (5.83 - 7.80, Fig. 
6.11). The highest EC values in sand soil was observed for the 1
st two leaching events 
and  then  dropped  with  successive  leaching  (Fig.  6.11,  P  <  0.05,  Appendix  6.6). 
However, in  the  clay soil, the decline  in  EC  of leachate  was  less pronounced  with 
leaching events up to the 7
th event. 
 The TDP concentration in sand soil leachate ranged from 1.2-57.5 mg/l and 
increased  with  increasing  addition  of  P  fertilizers  (Fig.  6.12)  and  decreased  with 
succeeding leaching events (P < 0.05, Appendix 6.6). Dissolved OP (1.2-53 mg/l) was a 
major  fraction  of  TDP  in  the  leachate  followed  by  DRP  (0.05-6.7  mg/l)  in  sand. 
Although similar trends were observed with clay and loam, the TDP concentration was 
low compared to sand (P < 0.05, Appendix 6.6) and the values varied from 0.2-9.5 mg/l 
and  1.4-23  mg/l,  respectively.  Dissolved  OP  was  the  predominant  P  fraction  in  the 
leachate of both clay and loam as it was in sand. The leachate obtained from clay and 
loam soils was highly turbid unlike in sand. In the case of blocked columns, an increase 





leaching is given in Table 6.2. An higher percent of P was leached and a lower percent 
was retained in sand (18.6 % and 25.6 mg) and loam (14.8 % and 26.8 mg) compared to 
clay (7.07 % and 29.2 mg) at the higher P application rate.  
 
The Colwell-P concentration in the 0-2.5 cm layer of sand, clay and loam soils 
ranged  from  15-43,  23-47  and  32-49  mg/kg,  respectively.  The  Colwell-P  values 
recorded in the current study exceeded 15 mg/kg at which CaCl2-P starts to increase 
linearly  with  the  increase  in  Colwell-P  (see  Chapter  2).  The  DRP  concentration  in 
leachate also increased linearly at Colwell P threshold values of 23 and 33 mg/kg in 
sand and clay soils, respectively when plotted for the 0-2.5 cm soil layer (Fig. 6.15 and 
Fig. 6.16) but no change point was found for other depths or for the loam soil (data not 
shown). 
 
A wide variation in extractable soil P was observed for each soil test used and 
details of depthwise distribution of Colwell-P and CaCl2-P are given in Fig. 6.13 and 
6.14. The bicarbonate extractable-P was the highest in the 2.5-7.5 cm depth increment 
in both clay and loam soils but showed a decline in values below 7.5 cm. At 20 cm 
depth,  no  difference  in  Colwell-P  concentration  occurred  with  respect  to  rates  of  P 
addition in loam and clay textured soils (P < 0.05, Appendix 6.7). In the case of the 
sand,  bicarbonate  extractable-P  increased  with  depth  providing  clear  evidence  of  P 
leaching (Fig. 6.13). However, decreases in labile P (CaCl2-P) concentration were found 
in  sand  as  well  as  clay  and  loam  soils  with  depth  even  though  higher  CaCl2-P 
concentration was noted with high P rate of application (P < 0.05, Appendix 6.7).  
6.4.5 Relationship between P forms  
 
  The correlation coefficients between different P forms with respect to leaching 





were significantly correlated with concentrations of DRP, TDP and DOP, the strongest 
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Fig. 6.11. pH, EC and cumulative leachate volume after 20 events in sand, clay and 
loam soils and at three P rates of application. Vertical error bars represent standard error 
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Fig. 6.12. Total dissolved P (TDP), dissolved organic P (DOP) and dissolved reactive P 
(DRP) of leachate collected at leaching events 1, 2, 7 and 20 in sand, clay and loam 
soils and at three P rates of application. Vertical error bars represent standard error of 





Table 6.2. Mass balance for total dissolved P (TDP) loss (mg P) in leachate after 20 leaching events for sand, clay and loam soils with three rates 







































Control    0.76       
20 kg P/ha  15.7  1.35  0.59  15.1  3.73 




Control    0.23       
20 kg P/ha  15.7  1.09  0.86  14.8  5.49 




Control    1.19       
20 kg P/ha  15.7  2.73  1.54  14.2  9.82 























Fig. 6.13. Vertical profile of soil bicarbonate extractable P at three P rates after 20 leaching events. Horizontal error bars represent standard error 









Fig. 6.14. Vertical profile of soil CaCl2-P at three P rates after 20 leaching events. Horizontal error bars represent standard error of means of four 
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Fig. 6.15. Relationship between Colwell-P concentrations at 0-2.5 cm after 20 
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Fig. 6.16. Relationship between Colwell-P concentrations at 0-2.5 cm and dissolved 
reactive P (DRP) concentration in leachate in clay soil. 
Colwell P > 25 mg/kg 
Colwell P < 25 mg/kg 
Colwell P >35 mg/kg 

















































pH1  -0.01  1                                     
pH2  -0.21(*)  0.38(**)  1                                   
pH7  -0.17  0.30(**)  0.51(**)  1                                 
pH20  -0.04  0.07  0.18  0.12  1                               
EC1  0.01  0.34(**)  0.12  0.18  0.03  1                             
EC2  -0.04  -0.06  0.29(**)  0.43(**)  0.08  0.14  1                           
EC7  -0.07  0.16  0.38(**)  0.37(**)  0.07  0.16  0.52(**)  1                         
EC20  0.03  0.12  0.36(**)  0.33(**)  0.45(**)  0.11  0.35(**)  0.59(**)  1                       
DRP1  0.47(**)  0.16  -0.02  -0.18  -0.19(*)  0.06  -0.28(**)  -0.19(*)  -0.17  1                     
DRP2  0.40(**)  0.03  0.01  -0.19  -0.07  0.01  -0.39(**)  -0.29(**)  -0.22(*)  0.77(**)  1                   
DRP7  0.41(**)  0.11  -0.09  0.04  -0.16  0.19(*)  -0.08  -0.23(*)  -0.17  0.52(**)  0.48(**)  1                 
DRP20  0.31(**)  0.01  -0.06  -0.06  -0.24(*)  0.16  -0.05  -0.04  -0.03  0.56(**)  0.39(**)  0.56(**)  1               
TDP1  0.41(**)  0.09  -0.04  -0.24(*)  -0.13  -0.01  -0.34(**)  -0.25(**)  -0.22(*)  0.89(**)  0.82(**)  0.33(**)  0.36(**)  1             
TDP2  0.36(**)  0.03  0.01  -0.33(**)  -0.09  -0.02  -0.41(**)  -0.34(**)  -0.27(**)  0.81(**)  0.85(**)  0.38(**)  0.35(**)  0.88(**)  1           
TDP7  0.36(**)  0.04  -0.09  -0.05  -0.10  0.13  -0.19(*)  -0.39(**)  -0.31(**)  0.50(**)  0.58(**)  0.87(**)  0.49(**)  .039(**)  0.52(**)  1         
TDP20  0.36(**)  -0.01  -0.09  -0.09  -0.20(*)  0.12  -0.14  -0.201(*)  -0.17  0.57(**)  0.49(**)  0.66(**)  0.92(**)  0.38(**)  0.39(**)  0.67(**)  1       
DOP1  0.36(**)  0.08  -0.03  -0.24(*)  -0.09  -0.03  -0.32(**)  -0.24(*)  -0.20(*)  0.79(**)  0.79(**)  0.24(*)  0.26(**)  0.98(**)  0.85(**)  0.32(**)  0.28(**)  1     
DOP2  0.31(**)  0.04  0.01  -0.35(**)  -0.09  -0.03  -0.39(**)  -0.33(**)  -0.27(**)  0.76(**)  0.71(**)  0.30(**)  0.29(**)  0.83(**)  0.97(**)  0.44(**)  0.32(**)  0.81(**)  1   
DOP7  0.29(**)  0.07  -0.09  -0.11  -0.06  0.09  -0.29(**)  -0.44(**)  -0.35(**)  0.47(**)  0.59(**)  0.72(**)  0.39(**)  0.41(**)  0.56(**)  0.95(**)  0.61(**)  0.35(**)  0.49(**)  1 
DOP20  0.33(**)  0.01  -0.09  -0.13  -0.10  0.04  -0.22(*)  -0.35(**)  -0.29(**)  0.47(**)  0.51(**)  0.65(**)  0.65(**)  0.33(**)  0.38(**)  0.75(**)  0.89(**)  0.24(*)  0.29(**)  0.73(**) 
 
Note: EC - electrical conductivity; TDP - total dissolved P; DOP - dissolved organic P; DRP - dissolved reactive P; 1, 2, 7 and 20 represents four leaching events; ** Correlation is 





Table 6.4. Pearson correlation coefficient (r) between pH, EC and different P forms (DRP, TDP and DOP) in leachate collected at bottom of each column for 











































pH1  0.21  1                                     
pH2  -0.01  -0.11  1                                   
pH7  -0.19  0.07  0.19  1                                 
pH20  0.28  -0.04  0.49(**)  0.39(*)  1                               
EC1  0.01  0.18  -0.58(**)  -0.33  -0.38  1                             
EC2  -0.20  -0.21  -0.19  -0.48(**)  0.60(**)  0.264  1                           
EC7  0.21  -0.34  0.46(**)  -0.04  0.66(**)  -0.59(**)  -0.29  1                         
EC20  0.38  0.10  -0.24  0.24  0.28  0.11  -0.07  0.02  1                       
DRP1  0.64(**)  -0.06  0.18  -0.37  -0.13  0.08  0.32  -0.16  0.21  1                     
DRP2  0.48(**)  -0.04  -0.07  -0.27  -0.11  -0.01  0.08  0.10  0.08  0.69(**)  1                   
DRP7  0.40(*)  0.11  -0.46(**)  -0.31  -0.38(*)  0.49(**)  0.43(*)  -0.19  0.46(*)  0.49(*)  0.32  1                 
DRP20  0.31  0.01  0.16  -0.14  0.15  -0.34  0.09  0.07  0.03  0.324  0.08  0.04  1               
TDP1  0.61(**)  -0.61(**)  -0.11  -0.37  -0.25  0.15  0.37(*)  -0.22  0.22  0.88(**)  0.75(**)  0.68(**)  0.15  1             
TDP2  0.47(**)  -0.01  -0.02  -0.19  -0.06  -0.06  -0.01  0.09  -0.06  0.59(**)  0.96(**)  0.18  0.09  0.69(**)  1           
TDP7  0.37(*)  0.01  -0.47(**)  -0.33  -0.34  0.53(**)  0.46(**)  -0.19  0.22  0.49(*)  0.49(**)  0.79(**)  0.16  0.73(**)  0.45(**)  1         
TDP20  0.49(**)  -0.13  -0.01  -0.30  -0.14  -0.04  0.23  0.13  -0.04  0.53(*)  0.34  0.30  0.76(**)  0.48(*)  0.33  0.44(*)  1       
DOP1  0.57(**)  - 0.61(**)  -0.14  -0.37  -0.25  0.16  0.37(*)  -0.24  0.21  0.87(**)  0.79(**)  0.67(**)  0.14  0.99(**)  0.73(**)  0.74(**)  0.48(*)  1     
DOP2  0.49(**)  -0.01  -0.03  -0.18  -0.06  -0.05  -0.01  0.07  -0.04  0.61(**)  0.96(**)  0.20  0.09  0.70(**)  0.99(**)  0.47(**)  0.33  0.75(**)  1   
DOP7  0.46(**)  0.03  -0.43(*)  -0.35  -0.29  0.53(**)  0.29  -0.16  0.16  0.45(*)  0.54(**)  0.73(**)  0.19  0.70(**)  0.52(**)  0.94(**)  0.51(**)  0.73(**)  0.54(**)  1 
DOP20  0.47(*)  -0.16  -0.02  -0.34  -0.06  -0.02  0.17  0.09  0.15  0.52(*)  0.41(*)  0.36  0.61(**)  0.59(**)  0.39(*)  0.55(**)  0.95(**)  0.59(**)  0.39(*)  0.60(**) 
 
Note: EC - electrical conductivity; TDP - total dissolved P; DOP - dissolved organic P; DRP - dissolved reactive P; 1, 2, 7 and 20 represents four leaching events; ** Correlation is 






   
Concentrations of P in leachate varied with soil type, being less from clay 
than  from  loam  and  sand  with  highest  values  for  the  sand.  Overall,  the  greatest 
proportion of fertilizer P was leached from sand (18.6 %) with 40 kg P/ha addition. 
There was also much greater redistribution of P as Colwell extractable P below 10 
cm depth in the sand than in other soils. From loam soil, 14.8 % of the applied P (at 
40 kg P/ha) was lost as leachate, while only 7 % of added P lost from clay. At 20 kg 
P/ha, which is at the upper end of rates applied by farmers, the P lost by leaching 
dropped to 9.8 %  from loam, 5.5 % from clay and only 3.7 % from sand.  
 
All soils had Colwell P levels > 15 mg P/kg in the 0-10 cm layer, and based 
on earlier results were predicted (see Chapter 2) to respond to fertilizer P addition by 
increasing CaCl2-extractable P. Indeed the relatively high leaching losses from the 
loam compared to the sand may be partly attributed to the higher initial Colwell 
extractable P levels in this soil. This would also explain why at the lower P fertilizer 
rate (20 kg P/ha), more P leached from the loam than the sand. For the sand and clay, 
there was a marked increase in DRP concentration in leachate when Colwell P levels 
exceeded 23 and 33 mg P/kg, respectively.  
 
Thus, in the present experiment, the sand was already at the threshold above 
which  leaching  of  P  is  exacerbated  by  further  P  fertilizer  application,  while  the 
unfertilized clay was below that threshold. Nevertheless, the present results suggest 
that a significant proportion of the upper Fitzgerald River catchment is already at P 





at P fertilizer rates > 20 kg P/ha, which is about the upper limit presently used by 
farmers for crops, there is likely to be increased risk of P loss. 
6.5.1 Drainage condition of the soils in cores 
 
Cumulative leachate volume collected from sand was  significantly  greater 
than clay due to the greater percent of macropores in sand (Appendix 6.1), which 
allows water to drain freely and reduces the opportunity for P adsorption during 
infiltration (Kirkby et al., 1997). Additionally, blocking of cores after the 7
th leaching 
event also contributed to the reduced leachate collection from the clay soil compared 
to sand and loam soil.  
 
By-pass  flow  between  the  inner  walls  of  column  and  soil  could  have 
contributed to the drainage water; the contribution of this source appears to have 
been low. Firstly, the columns were collected intact in the field and handled carefully 
to maintain the integrity of soil column. This should have produced a soil column 
with close contact to the core wall and minimized cracks in the soil column which 
would produce artificially high flow. Secondly, the contact of soil at the surface was 
sealed around its annulus to prevent the entry of by-pass flow at this point.  Thirdly, 
the contribution of DOP to P in leachate of the first leaching events was > 68 % on 
all soils (data not shown), whereas, bypass flow would be expected to contribute 
mostly to DRP in leachate. 
 
The hydrology of soils, specifically the abundance of macropores, would be 
an important factor affecting the potential of P moving through leaching (Kirkby et 
al.,  1997).  The  lower  initial  volume  of  leachate  collected  from  the  intact  cores 
indicate that macropore flow dominated in dry soil cores until micropores had filled 





soil  after  the  7
th  leaching  event  could  be  ascribed  to  water  drainage  being 
predominantly  from  micropores  rather than macropore  flow. Similar results  were 
reported by Phillips (2002) for undisturbed cores after application of piggery waste 
water.  
 
The surface 0-10 cm of clay and loam had almost twice the percentage of 
macropores  (Appendix  6.1)  compared  to  subsoil,  which  meant  that  essentially  P 
bypassed much of the upper soil matrix and markedly reduced the opportunity during 
the initial leaching events for P adsorption during infiltration (Richard and Steenhuis, 
1988;  Van  Ommen  et  al.,  1989;  Kladivko  et  al.,  1991;  Kirkby  et  al.,  1997). 
Macropores are commonly regarded as preferential pathways for P mobility through 
unsaturated zones of clay and loam soils (Ulen and Persson, 1999). Initial high P 
concentrations in soil solution followed by a sharp decrease with successive leaching 
events suggest that macropore flow dominated in early leaching and this flow was 
able to transport P for considerable time with little adsorption, whereas later leaching 
was dominated by matrix flow which favoured P sorption by soil (Cox et al., 2000).  
 
The higher exchangeable Na and ESP noted in sub-soils, especially of clay 
and loam soils (Table 6.1), might have resulted in the dispersion of clay particles and 
blocking of macropores during initial leaching events and of mesopores during later 
events. This could be the reason for the blockage of clay soil columns from the 7
th 
leaching time and onwards. The leachate collected from clay soil was highly turbid 
in initial leaching events, which most likely was due to the higher internal erosion 
through macropores (Kirchman, 1991). The hydraulic behavior below 10 cm depth in 
clay and loam soil largely depends on the nature of the clay minerals present and 





pore blockage in the soil profile is surface ponding of water or lateral movement of 
water in the profile at the interface of clay and surface sand (Steven et al., 1999). 
Therefore varied risk of P loss from the catchment might be due to the differences in 
texture  and  sodicity  and  both  the  factors  could  influence  the  forms  of  mobile  P 
transported as DP or PP.  
 
The blocking of pores was expressed as slow drainage or ponding of water on 
the soil surface in columns in the present study. By contrast, in real landscapes with 
sloping surfaces, the saturation excess that would develop once blocking of pores 
begins would contribute to throughflow and runoff. The contribution of the latter 
processes to P losses is examined in the following Chapter. Hence to some extent the 
measured leaching of P in the present study after blockage of pores commenced in 
loam and clay soils may overestimate the magnitude of this process of P loss in the 
field. 
6.5.2 Phosphorus leaching in relation to soil depth and P content 
 
The rate of applied fertilizer was the major factor influencing P losses from 
sand, clay and loam soils under episodic leaching (Table 6.2). The P concentration in 
leachate  at  40  kg  P/ha  significantly  increased  relative  to  the  unfertilized  soil 
especially for sand and loam soils (P < 0.05, Appendix 6.6). The leaching of applied 
P from inorganic fertilizer at 40 kg P/ha in sand soil was higher relative to loam and 
clay soils which is in agreement with the findings of Humphreys and Pritchett (1971) 
who found that all of the P applied as inorganic fertilizer to sand had leached below a 
depth of 50 cm. Transport of inorganic P through soils with histories of excessive 
fertilizer application has been measured by many researchers (Sharpley et al., 1984, 





important factor in determining the extent of P losses and changes in P concentration 
(DRP, TDP and DOP). The rate of P application was significantly correlated with 
concentrations  of  DRP,  TDP  and  DOP  in  soil  solution  and  in  leachate.  The 
relationship was closest for P concentration in earlier relative to later events (Table 
6.3), which suggests that most P losses occur during initial stages of leaching (Shan 
et al., 2005). 
6.5.3 Losses of different forms of phosphorus  
 
The movement of P primarily as DOP in leachate was the most striking result 
relating to P mobilization in the leaching study on intact columns with sand, loam 
and  clay  soils.  Moreover,  application  of  inorganic  P  greately  increased  DOP 
concentration in soil solution relative to DRP. By contrast, Murphy (2007) observed 
higher DOP mobility with slurry application but increased DRP concentration with 
KH2PO4  application.  The  higher  proportion  of  DOP  compared  to  DRP  in  soil 
solution  and  weaker  adsorption  strength  for  DOP  compared  to  orthophosphate 
(Lilienfein et al., 2004) suggests that DOP was the major form of P lost by leaching. 
Similar results were reported by Qualls et al. (2002) for a deciduous forest ecosystem 
and Ron Vaz et al. (1993) who found DOP to be the most significant fraction in soil 
solution  below  10  cm  soil  depth  in  soil  receiving  high  P.  These  results  further 
confirm that DOP is readily transported in the soil profile and the load increased with 
higher rates of P applications (P < 0.05, Appendix 6.2-6.5). Higher proportions of 
DOP were present in the sand than in clay and loam at each P rate and these results 
are  consistant  with  other  findings  (Sharpley  et  al.,  1993;  Sharpley  et  al.,  1984; 






The high relative DOP concentration in the soil solution of the clay soil might 
be related to the increase in pH of soil solution from 4.5-8.0 with leaching. Increased 
pH of the soil solution may lead to an increase in negative charge on soil surfaces 
and decreased sorption of phosphate anions (Fernandes and Coutinho, 1999) as well 
as increased DOP in solution by increasing OM solubility (Curtin and Smillie, 1983; 
Tylor and Olsson, 2001). Change in colour of soil solution for clay soils from yellow 
to  dark  brown  was  observed  with  leaching  events  which  might  be  due  to  the 
increased soluble OM due to higher pH values and it supports the interpretation of P 
mobilization in the DOP form. Similar results were reported by Toor et al. (2003) 
from grassland soils receiving dairy effluents. Desorption or dispersion of OM with 
higher pH values was suggested as the mechanism. The amount of OM dissolved in 
soil solution may influence P sorption through interaction with P anions (Holford and 
Mattingly, 1975). The relatively higher affinity of soils to bind DRP compared to 
DOP forms means that DOP can more easily be transported through the soil profile 
(Frossard  et  al.,  1989;  Chardon,  1997;  Turner  and  Haygarth,  1999).  The  factors 
determining the concentrations of OP in soil solution are complex depending on the 
solubility of particulate organic compounds, their decomposability and the ability of 
soil  to  bind  organic  compounds.  For  example,  monoesters  like  inositol 
hexaphosphate,  are  strongly  adsorbed  to  soil  particles  while  diesters  are  not  so 
because they are more easily decomposable (Gil-Sotres et al., 2002). 
6.6 Conclusion 
 
Application  of  leaching  water,  equivalent  to  annual  rainfall  (500  mm),  to 
intact columns of sand, clay and loam soils from moderate P-los risks areas (i.e. areas 
which had Colwell-P concentration above the threshold value of 15 mg P/kg) of the 





clay mostly in the form of DOP. Dissolved OP was the major fraction of TDP in 
leaching suggesting that OM dissolved in soil may influence the P sorption as well as 
its  transport.  The  higher  initial  P  concentration  in  leachate  followed  by  sharp 
decreases suggests that macropore flow dominated in initial leaching events and later 
more of the P leaching was through matrix flow. The lower hydraulic conductivity of 
clay and loam soils below 10 cm influenced the P transport, which in the present 
study was related to the level of exchangeable Na. Higher levels of exchangeable Na 
and ESP in subsoil increase the dispersion of clay particles which results in low 
permeability. Ponding of water at the surface or lateral movement of water at the 
interface of sand and clay layers in the profile would increase the risk of P losses in 
the form of DP or PP in dispersion-prone sodic soils. However, lateral P transport 
was not determined in the present column experiment. In the following chapter, tilted 
flume and field runoff plots were used to examine the relative contribution of runoff, 
throughflow  and  leachate  to  P  mobilization  on  sand  and  clay  soils  of  the  upper 






               CHAPTER 7 
 
Processes of P mobility from Fitzgerald River 
catchment following application of several rates of P 
fertilizer 
7.1 Introduction   
 
The past half-century of agricultural development in the south west Western 
Australia has lead to the increase in nutrient export to rivers, wetlands and estuaries 
from  agricultural  land  (Hodgkin  and  Hamilton,  1993).  Most  of  the  research  on 
understanding this process has concentrated on identifying the sources and processes 
of nutrient export from pasture land in the coastal zone to wetlands, estuaries and 
streams (Weaver and Reed, 1998; McKergow et al., 2002). In contrast, very little 
research has been carried out on the nutrient export from cropping land in medium to 
low rainfall zones (Weaver et al., 2003) where fertilizers account for much of the 
agricultural  nutrient  inputs  (Weaver  et  al.,  1999).  Until  recently,  the  impact  of 
management programs on nutrient delivery at the catchment scale was very limited. 
However, modeling by Weaver et al. (2003, 2004) for catchments on the south and 
west coast of Western Australia has begun to address these issues.  
 
In P-risk areas of a catchment, there needs to be (1) a source of P that (2) can 
be  mobilized  and  (3)  transported  to  (4)  where  its  adverse  effects  are  expressed 
(Hairsine, 1996). The risks of P losses from the agricultural catchments are critically 
dependent on the combination of source and transport factors that are highly variable 
both in space and time (Gburek et al., 2000). A large quantity of P is derived from 





agriculture, nutrient losses to surface waters result largely due to excessive tillage 
and grazing (Parris, 1998; Halberg, 1999). When P input exceeds the removal by 
crops, most of the excess P accumulates in surface soil (Hooda et al., 2001), where it 
is  gradually  transformed  into  less  reactive  forms  which  nevertheless  may  be 
susceptible  to  transport  processes  (Sharpley  and  Menzel,  1987).  Phosphorus  is 
transported  from  soil  to  surface  water  in  two  major  forms,  DRP  and  PP,  from 
agricultural  land  by  runoff  and  erosion.  Through  desorption,  dissolution  and 
extraction of P from soil, crop residues and surface fertilizer application, rainfall 
interacts  with  a  thin  layer  of  surface  soil  before  surplus  water  leaves  as  runoff 
(Sharpley, 1985 a; Ekholm and Krogerus, 2003). Losses of DRP tend to increase 
with  saturation  of  P  binding  sites  on  soil  particles  (Edwards  and  Withers,  1998; 
Hooda et al., 2000).  
 
Lateral subsurface flow can be generated via matrix or macropore pathways. 
Many researchers have stressed the importance of macropores in the generation of 
vertical and lateral flow in soils, even under unsaturated conditions (Smettem et al., 
1991; Willson et al., 1991;  Leaney et al., 1993). Macropores  can conduct lateral 
subsurface flow directly or can feed shallow perched saturated zones overlying low 
permeability bedrock, indirectly producing flow (Turton  et  al.,  1995).  Macropore 
flow  under  unsaturated  conditions  occurs  when  flux  of  water  is  greater  than  the 
hydraulic conductivity of the matrix (Sklash, 1990). The amount of subsurface flow 
depends  on  the  thickness  of  soil  layers  that  store  water  to  produce  temporary, 
perched  water  tables.  Runoff  is  closely  related  to  rainfall  characteristics  and 






Studies  have  reported  that  runoff  generation  in  the  south  west  Western 
Australia is dominated by throughflow and George and Conacher (1993) found that 
runoff mechanisms on a small hill slope near Narrogin were dependent on the extent 
and development of variable source areas of the catchment. Phosphorus export to 
surface waters via leaching (as opposed to erosion and surface runoff) is also an 
important source of P loss from soil to water (Hesketh and Brookes, 2000). The 
leaching of P through the soil profile is commonly thought to occur only in well-
structured clay soils due to rapid infiltration of water and in sand soils due to the 
paucity of  active sites  for P sorption  (Ozanne et  al.,  1961;  Mansell et al.,  1977; 
Peverill et al., 1977; Sharpley et al., 1993). Phosphorus is often considered not to 
leach more than a few centimetres into a soil profile that contains significant amounts 
of clay-sized material provided the soil PSC is < 100 % allowing sorption processes 
at the surfaces of iron and aluminum oxides and calcium and magnesium carbonates 
to  continue  (Rajan  et  al.,  1974;  Rolston  et  al.,  1975;  Bolt,  1976;  Bonneau  and 
Souchier, 1982; Trughill, 1990; Cresser et al., 1993). Exceptions may occur in peat 
or in soils with high OM content where soluble OM can facilitate transport of P in 
subsurface flow by coating active sites for P adsorption (Pierzynski et al., 1994). 
Organic P seems to be the most mobile form during P leaching from soils (Hannapel 
et al., 1964).  
 
The  risk  of  P  export  from  agricultural  land  to  surface  waters  has  been 
examined in Chapter 2 to Chapter 6 in relation to soil properties, P stratification, P 
sorption, and leaching studies which suggested P losses from catchment soils related 
to soil test values. Hence to test the relative importance of run-off, throughflow and 
leaching under field  situations,  field  runoff plots  were installed in  the catchment 





average annual rainfall, this was followed by rainfall simulation studies conducted in 
summer 2008 both in the field and in runoff packed boxes at the Murdoch University 
campus. Runoff boxes allow for greater control of variables than field runoff plots 
because soil can be homogenized to reduce variability in physicochemical properties. 
However, packed boxes are less representative of field and landscape conditions in 
the  catchment  and  also  are  hydrologically  different  from  field  soils,  which  have 
intact structure and complex horizonation. The present research was thus designed: 
(1) to understand the mechanisms of P transfer to surface waters (either by runoff, 
throughflow or leaching) either in solution or attached to suspended sediments and 
(2) the factors affecting P release from soil to mobile water. 












Study  site  characteristics  of  the  upper  Fitzgerald  River  catchment  are 
described in Chapter 6. For the packed box study, both sand and clay soils were 
collected  from  moderate  P-risk  areas  from  eastern  and  western  sectors  of  the 
catchment having low and medium P levels, respectively (Fig. 7.1). The field study 
was  conducted  on  clay  soil  with  medium  P  status  in  the  western  sector  of  the 
catchment  having  moderate  risk  in  relation  to  hydrology  and  P  levels  of  the 
catchment (Fig. 7.1).         
7.3 Materials and methods 




Fig. 7.2. Packed box study at Murdoch University (2008). 
 
7.3.1.1 Box Design and packing 
 
The  galvanized  steel  boxes  were  constructed  from  sheet  metal  with 
dimensions of 100 cm (length) x 40 cm (width) x 30 cm (height) (Kleinman et al., 
2004). At the lower end of each box, a gutter was installed to collect runoff water. 





bottom of the boxes (30 cm depth) to collect leachate. Depth-wise soil samples (0-10, 
10-20 and 20-30 cm layers) from sand and clay soils (Fig. 7.1) were collected from  
the field and transported to Murdoch University for the study. Each layer of soils was 
air dried and sieved through a 2 mm sieve, and thoroughly mixed. Acid washed 
Rocla sand (2-3 cm) was placed at the bottom of each box before packing the soil. 
The  soil  was  gently  repacked  with  depth-wise  layering  of  soil  horizons  using  a 
wooden mallet to ensure uniform bulk density (1.5 g/cc). Soils were first wet to field 
capacity moisture to allow settling and consolidation, then the surface soil was re-
leveled and the boxes were adjusted to two slopes (5 and 10 %).  
7.3.1.2 Crop and P fertilizer rate 
 
Pasture seed (Sub clover) was drilled @ 20 kg/ha (0.8 g/box) in 5 rows (20 
cm width) at 0.5-1.0 cm depth in the boxes during March, 2008 with three rates of 
phosphate fertilizer addition (0, 20 and 40 kg P/ha as granular DAP). Nine boxes in 
total were installed, giving three replicates of each P treatment. The fertilizer was 
sieved through a 2 mm sieve to get uniform granule size and then the rate per box 
and per row was calculated and added as DAP fertilizer and drilled at 2 cm depth in 
each row in each box.   
7.3.1.3 Soil solution sampler installation 
 
Rhizon soil solution samplers were installed in the runoff boxes at 5, 10 and 
15 cm depth by drilling horizontal holes into the sides of the boxes. A steel rod (4 
mm  diameter)  was  pushed  horizontally  through  the  holes  to  make  room  for 
installation of Rhizon samplers into the soil with good soil contact. The soil solution 









Fig. 7.3. Rainfall simulation of packed boxes in the glasshouse in sand and clay soil. 
 
7.3.1.4 Rainfall simulation in glasshouse 
 
 The  rainfall  simulator  used  for  the  field  and  box  study  was  based  on  the 
design of Loch et al. (2001). Simulated rainfall was applied at 100 mm/hr, which 
represents  the  intensity  of  storm  events  similar  to  those  which  occur  in  the  rainy 
season at the upper Fitzgerald River catchment. Packed boxes (N = 9 for each soil) 
were placed under the rainfall
 simulator (approximately 3 m below), inclined at 5 % or 
10  %  slope,  and  placed  far  enough  apart  that  splash  from  one  box  would
  not  be 
intercepted by another box during rainfall simulation (Fig. 7.3). Soils were first wet to 
field capacity and covered for 24 hrs. Simulated rainfall was applied to the boxes at 1, 
15 and 30 days. The 1
st event comprised 2 runs, first at 5 % slope for 30 min, and then 
at 10 % for 30 min with bare soil. After the 1
st event, pasture seed was sown and boxes 
were adjusted to 10 % slope for the 2
nd and 3





7.3.2 Field Study 





Fig. 7.4. Runoff plots installed in the field for collection of runoff and through flow. 
 
 
Twelve runoff plots each measuring 2.0 x 1.5 m were installed at Bee‟s site in 
the upper Fitzgerald River catchment in February 2007 (Fig. 7.1 and 7.4). Runoff 
from  all  plots  was  collected  in  2007  after  two  rainfall  events  through  collection 
devices consisting of 70 L containers capable of containing 20 % of runoff from 
rainfall events up to 50 mm rainfall. A trench was dug perpendicular to the slope 
direction and equipped with collectors to collect separately overland (surface runoff) 
and throughflow (lateral through the soil profile). Barley seed was drilled in the plot 
in May, 2007 with three rates of phosphate fertilizer (0, 20 and 40 kg P/ha as DAP), 
giving four replicates of each P treatment. 
7.3.2.2 Rainfall simulation in field 
 
Simulated  rainfall  was  applied  at  100  mm/hr  by  using  the  same  rainfall 
simulator used in the box study. The rainfall simulator was placed at approximately 3 
m above runoff plots (Fig. 7.5 a). The simulation comprised two runs: the first run was 
performed on the plots with the previous year‟s P fertilizer application and; after the 





and  broadcast  methods  of  application  to  two  replications  each.  The  fertilizer  was 
sieved through a 2-mm sieve to get uniform granule size and the rates per plot and per 
row  were  calculated  before  application.  The  time  of  runoff  commencement  and 
volume of runoff were noted during simulation. 
7.3.2.3 In-situ column installation in runoff plots 
 
In-situ columns were installed within the runoff plot to assess the P leaching in 
soils (Fig. 7.5 b). The columns were made of PVC pipe having a diameter of 25 cm 
with length of 30 cm. The PVC pipe was inserted into soil within the plot slowly by 
removing  soil  from  inside  the  pipe  without  disturbing  the  outer  soil.  Rhizon  soil 
solution samplers were installed at 5, 10 and 15 cm depth by drilling horizontal holes 
through the PVC pipe. A steel rod (4 mm diameter) was pushed horizontally to 10 cm 
through the holes to make room for easy placement of Rhizon samplers into the soil. 
Soil  solution  from  samplers  was  collected  under  vacuum  using  blood  collection 
vacutainers. 
7.3.2.4 Soil Sampling 
 
After rainfall simulation, soil samples were collected at a depth of 0-2.5, 2.5-
7.5, 7.5-17.5 and 17.5-30 cm from both box and field simulation studies. In the field 














Fig. 7.5. Field rainfall simulation on the runoff plots (a) and Rhizon sampler installed 







7.3.3 Runoff, throughflow, leachate and soil analysis 
 
Methods of soil pH, EC, OC, CaCl2-P, Colwell P measurement are described 
in Chapter 2. Runoff, throughflow, leachate and soil solution samples were collected 
and stored in a freezer at -20ºC. The pH and EC were measured for all samples and 
solutions  were  then  filtered  through  a  0.45  μm  membrane  filter  for  inorganic  P 
(DRP) analysis. The DRP was determined by  the ammonium molybdate-ascorbic 
acid method (Murphy and Riley, 1962). This fraction was assumed to represent a 
soluble, mobile and hence biologically available form of P. Total DP was determined 
from filtered samples through ICP. Dissolved OP was calculated from the difference 
between TDP and DRP. The TP in runoff, throughflow and leachate was determined 
on unfiltered samples using ICP. Soluble organic carbon (SOC) in the solution was 
determined by a modified Walkley and Black method (1934). Total solids (TSS) 
were determined by oven drying 20 ml of runoff and through flow samples at 105ºC 
for 24 hrs. Particulate P was determined by the difference between TP (unfiltered) 
and  TDP  concentration.  The  diagram  below  shows  the  calculation  of  different  P 






7.3.4 Statistical analysis 
 
Simple  descriptive  statistics  of  soil,  runoff  and  throughflow  characteristics 
(mean, range and standard error) were produced using Excel (Microsoft Window). 
The analysis of variance was carried using  a repeated measures model for runoff, 
throughflow solution to analyse the effect of P rates (main factors) at different runoff 
events (repeated measures) using Statistic 8 software. For soil solution data effects of 
P rates, events and depth of collection were analysed as a three way factorial in split-
split  plot  design  with  P  rates  as  the  main  plot,  depth  as  split  plot  and  events  as 
repeated measures. The F-test was calculated at P < 0.05 to examine the significance 
of P treatments and events for runoff, throughflow and soil solution properties. The 
main  effects  were  considered  where  the  interaction  of  P  rate  x  event  was  not 
significant. 
7.4 Results  
7.4.1 Basic soil properties 
   
Basic soil characteristics of sand and clay soils used in the tilted flume study 
with respect to depth are given in Chapter 6 (Table 6.1). 
7.4.2 Box study (Tilted flume) 
7.4.2.1 Extent of runoff  
 
Runoff characteristics of sand and clay soils such as runoff volume are given 
in Table 7.1. The average time to the start of runoff varied from 5-10 min for sand 
and 6-14 min for clay soil, but the commencement of runoff took longer for the 1
st 
event compared to other rain events. The average runoff volume collected during the 
experimental period ranged from 1343 to 3376 ml (31-73 % of total volume) for sand 
and 2213 to 4076 ml (35-83 % of total volume) for clay regardless of events. Runoff 
volume  for  the  1





Appendix 7.4) from that for the 2
nd event (10 % slope) but significantly decreased 
from the 3
rd and 4
th event both in sandy and clay soils. 
 
The pH of runoff for sand ranged from 6.72-7.92 (Fig. 7.6). The EC of runoff 
samples varied from 0.35-0.80 mS/cm in sand soil. The DRP load for sand was < 
0.26 mg (4-25 % of TP) irrespective of events and increased with P rates (P < 0.05, 
Table 7.2 and 7.4; Appendix 7.3). The amount of DOP for sand varied from 0.14-
0.71 mg (2-80 % of TP) and significantly increased with P rates but did not vary 
significantly with rain event (P < 0.05, Appendix 7.3). Particulate P ranged from 
0.08-0.64 mg (17-63 % of TP, Table 7.2) and significantly increased with P rates (P 
< 0.05, Appendix 7.3) but no effect of slope was observed. The TSS was higher for 
the first run and dropped for subsequent events (Fig. 7.7; P < 0.05, Appendix 7.3). 
Higher relative P loss in PP (> 68 %) forms was observed for runoff losses whereas 
DRP (< 49 %) and DOP (< 35 %) were lesser contributor to P transport in runoff 
(data not shown). Soluble OC in runoff was generally < 10 mg/l in sand.  
 
A weak increasing trend of runoff volume with successive events was noted 
for clay soil. The pH and EC values of runoff for clay soil ranged from 6.54-7.22 and 
0.21-0.414 mS/cm (Fig. 7.6), respectively. The DRP and DOP load varied from 0.04-
1.10 mg (2-67 % of TP) and 0.06-1.19 mg (16-72 % of TP), respectively, for clay. 
No significant difference in DRP concentration was observed with successive rain 
events but higher loads occurred for higher P application rates (Table 7.3; P < 0.05, 
Appendix 7.4). No significant change in DOP concentration observed in runoff with 
P rates whereas PP increased significantly with P rates (P < 0.05, Appendix 7.4). The 
amount of DOP in runoff samples was larger in the first event and decreased with 





with number of rain events. The P loss in PP was < 72 % of TP in runoff. The TSS 
concentration in runoff from the clay soil ranged from 1.17-12 g/l (Fig. 7.7). The 
highest value of TSS occurred for the 2
nd rain event compared to the values for 1
st 
event: and during the 3
rd and 4
th events, TSS values were lowest of all. The SOC 
concentration in runoff ranged from 0.27-8.25 mg/l.  
7.4.2.2 Throughflow at 10 cm 
 
The time to the start of throughflow at 10 cm depth varied from 3-10 min for 
sand and 6-17 min for clay. The time to start for throughflow for the 1
st event was 
longer than for other events in the sand (Appendix 7.2). In the case of clay, time to 
commencement of throughflow increased with successive events. The proportion of 
throughflow volume at 10 cm was very low for sand soil (1-4 % of total volume) 
indeed there was no flow for some events. The volume of throughflow at 10 cm 
collected for the clay (6-18 % of total volume) was larger than for the sand soil but 
was lower in comparison to runoff and throughflow at 30 cm (Table 7.1).  
 
The pH and EC values varied from 6.16-7.45 and 0.46-1.17 mS/cm for sand 
soil  and  an  increase  in  pH  occurred  with  successive  events  (Fig.  7.6;  P  <  0.05, 
Appendix 7.5). The amounts of DRP and DOP in sand soil ranged from 0.01-0.47 
mg  and  0.02-0.38  mg  (Table  7.2).  The  DRP  concentration  in  the  throughflow 
increased significantly with P rates (P < 0.05, Appendix 7.5) but no response was 
noted for SOC, PP and TSS. The values of PP for sand soil ranged from 0.01-0.15 
mg and increased with rain event. The TSS covered a wide range of values (0.17-
2.50 g/l) (Fig. 7.7). The concentration of SOC was larger for the 1
st rain event and 
subsequently decreased (Fig. 7.8; P < 0.05, Appendix 7.5). 
 





0.45-0.98  mS/cm  (Fig.  7.6),  respectively,  and  a  decline  in  EC  occurred  with 
successive rain events. The amount of DRP and DOP for the clay soil varied from 
0.04-3.24 mg (1-63 % of TP) and 0.48- 17.7 mg (30-90 % of TP), irrespectively. 
Higher DRP concentrations for the 2
nd and 4
th events occurred for throughflow at 10 
cm (Table 7.3). Similarly DOP concentration was moderate for the first two events 
and then declined in following events. No significant change was noted for DRP 
concentration  in  throughflow  with  P  rates  whereas  DOP  concentration  increased 
significantly (P < 0.05, Appendix 7.6). The PP load ranged from 0.05-2.01 mg (2-58 
% of TP) and the TSS concentration ranged from 0.67-8 g/l and were highest for the 
2
nd event (Fig. 7.7). As a percent of TP in throughflow, PP and DOP were higher for 
the first three events whereas a relative increase in DRP occurred for later events 
(Table 7.5). The SOC concentration varied from 6.33-52 mg/l and an increase in 
concentration in throughflow occurred with successive rain events.  
7.4.2.3 Throughflow at 30 cm 
 
The subsurface flow at 30 cm started between 3-27 min for sand soil and 6-30 
min for clay soil. The time to start of throughflow at 30 cm increased with event both 
for sand and clay soils but the delay for clay soil was a little longer (Appendix 7.2). 
The volume of throughflow collected from sand and clay soils varied from 877-5753 
ml  (34-67  %  of  total  volume)  and  346-4140  ml  (8-56  %  of  total  volume), 
respectively (Table 7.1). The volume of throughflow was higher for the first two 
events and decreased for subsequent rainfall events both for sand and clay soils (P < 
0.05,  Appendix  7.7  and  7.8).  A  big  reduction  in  throughflow  volume  at  30  cm 
occurred for clay soil in later events. 
 
 The  pH  value  of  throughflow  ranged  from  6.05-7.32  and  increased  with 





for the sand soil. The amounts of DRP and DOP transported in throughflow varied 
from  0.01-0.81  mg  (4-11  %  of  TP)  and  0.21-7.61  mg  (68-90  %  of  TP)  and  an 
increase  in  DOP  as  a  percent  of  TP  occurred  with  subsequent  runoff  events. 
Significant  increase  in  DRP  and  DOP  concentrations  occurred  with  P  rates  of 
application but no effect of slope on these P forms was observed in sand soil (P < 
0.05, Appendix 7.7). The PP concentration ranged from 0.02-0.95 mg (5-26 % of TP) 
for  sand  and  increased  with  P  rates  (P  <  0.05,  Appendix  7.7).  Major  P  losses 
occurred as DOP (< 90 %) and PP (< 35 %) forms in leachate of sand whereas DRP 
constituted < 25 %. The TSS in throughflow varied from 1.33-3.83 g/l irrespective of 
P rate and decreased for later events (Appendix 7.7). The concentration of SOC at 30 
cm in sand was higher (> 70 mg/l) than for runoff and throughflow in clay (Fig. 7.8). 
 
In clay the pH and EC of throughflow at 30 cm ranged from 6.25-7.55 and 
0.98-3.7 mS/cm, respectively, and EC dropped with successive rain events. The DRP 
and DOP loads ranged from 0.02-2.00 mg (3-27 % of TP) and 0.07-3.20 mg (26-70 
% of TP), respectively, and P load increased significantly with P rate (Table 7.3 and 
7.5; P < 0.05, Appendix 7.8). The PP varied from 0.03-4.21 mg (9-69 % of TP) 
regardless of events but higher values occurred for higher P application rates. Greater 
relative P loss occurred in throughflow as DOP (< 68 %) and PP (< 84 %) compared 
to DRP (< 34 %, data not shown). The amount of TSS lost in throughflow varied 
from 1.17-7.5 g/l but it was higher for the 1
st two event followed by a reduction in 
TSS. The SOC concentration ranged between 30-46 mg/l regardless of event and P 
rates. Throughflow at 30 cm was highly turbid especially for later runoff event for 
clay soil. The volume of throughflow did not significantly change with the change of 
slope from 5 % to 10 % but declined in the subsequent events (P < 0.05, Appendix 





7.4.2.4 Composition of soil solution  
   
In sand the pH values of soil solution at 5, 10 and 15 cm depth varied from 
4.41-6.83, 5.02-6.22 and 5.32-6.02, respectivey, irrespective of rain event and P rate 
(Fig. 7.9). The EC values of soil solution at 5, 10 and 15 cm depth ranged from 0.13-
2.24, 0.42-1.52 and 0.52-0.96 mS/cm, respectively and values significantly increased 
with  rain  events  (P  <  0.05,  Appendix  7.9).  Significant  increase  in  DOP 
concentrations  occurred  with  higher  rates  of  P  application  at  5  cm  (533  mg/l) 
compared  to  DRP  (P  <  0.05,  Appendix  7.9).  However,  soluble  organic  carbon 
decreased with rain event (Fig. 7.10).  
 
The pH values of soil solution collected from clay soil at 5, 10 and 15 cm 
depth varied from 4.73-6.32, 4.99-6.09 and 5.86-6.65, respectively (Fig. 7.9). A wide 
variation in EC occurred in the soil solution with respect to depth (0.31-1.79 mS/cm) 
but higher values occurred at 0-5 cm depth (P < 0.05, Appendix 7.10). A higher 
concentration of DOP (400 mg/l) occurred at 0-5 cm for the high P rate and did not 
change  significantly  with  successive  rain  events  (P  <  0.05,  Appendix  7.10).  The 
lowest  values  of  DOP  in  soil  solution  were  at  15  cm  depth.  The  higher  SOC 
concentration occurred at 5 cm depth (22-81 mg/l) but below 10 cm an increase 
occurred with successive rain events (Fig. 7.10).  
7.4.2.5 Soil P levels  
 
A  depth-wise  decrease  in  Colwell-P  and  CaCl2-P  occurred  for  the  sand 
whereas for the clay soil an increase in Colwell-P was recorded up to 5 cm depth 
with a decline at lower depths (Fig. 7.11). The Colwell-P and CaCl2-P concentration 
increased  depth  wise  at  higher  P  rates  of  application  but  increase  was  relatively 





Table 7.1. Volume (and percent of total applied volume in parentheses) of runoff, throughflow at 10 cm and throughflow at 30 cm for sand and 
clay soils at rain events 1, 2, 3, 4 and three rates of  P application (Murdoch packed boxes). Values are means of three replicates. For statistical 
analysis of the effects of P rates and events, see Appendix 7.3-7.8. 
  
    Sand soil  Clay soil 






Runoff volume (ml)  3243 (49)  2996 (34)  1343 (33)  1700 (64)  3548 (49)  3000 (41)  2213 (41)  3226 (56) 
Vol TOF @ 10 cm (ml)  226 (3)  242 (3)  106 (3)  60 (2)  453 (6)  806 (11)  806 (15)  691 (12) 
Vol TOF @ 30 cm (ml)  3170 (48)  5523 (63)  2626 (64)  896 (34)  3295 (45)  3563 (48)  2390 (44)  1885 (32) 
Total  6640  8761  4077  2657  7297  7370  5410  5803 





Runoff volume (ml)  3110 (40)  3376 (37)  1660 (39)  2366 (63)  2626 (38)  2793 (40)  3073 (50)  3690 (83) 
Vol TOF @ 10 cm (ml)  313 (4)  184 (2)  33 (1)  33 (1)  740 (11)  1223 (18)  1063 (17)  395 (9) 
Vol TOF @ 30 cm (ml)  4423 (56)  5540 (61)  2570 (60)  1386 (37)  3523 (51)  2900 (42)  1953 (32)  346 (8) 
Total  7847  9101  4263  3787  6890  6917  6090  4432 





Runoff volume (ml)  2583 (35)  2673 (31)  2076 (43)  2406 (73)  2563 (35)  3360 (41)  3276 (48)  4076 (76) 
Vol TOF @ 10 cm (ml)  200 (3)  122 (1)  31 (1)  No through flow  690 (9)  863 (11)  850 (12)  623 (12) 
Vol TOF @ 30 cm (ml)  4590 (62)  5753 (67)  2706 (56)  876 (27)  4140 (56)  3906 (48)  2746 (40)  636 (12) 
Total  7373  8549  4814  3283  7393  8130  6873  5337 
 









Fig. 7.6. pH and electrical conductivity (EC) of runoff and throughflow at 10 and 30 cm depth in sand and clay soils at rain events 1, 2, 3, 4 and three P 
rates of application. Vertical error bars represent standard error of means for three replicates. For statistical analysis of the effects of P rates and events, 





Table  7.2.  Dissolved  reactive  P  (DRP),  total  dissolved  P  (TDP),  dissolved  organic  P  (DOP)  and    particulate  P  (PP)  load  (volume  (l)  x 
concentration (mg/l)) for runoff and throughflow at 10 and 30 cm in sand soils for rain events 1, 2, 3, 4 and three rates of P application. For 
statistical analysis of the effects of P rates and events, see Appendix 7.3-7.8. 
 




Throughflow at 10 cm 
 
Throughflow at 30 cm 
        Event  Control  20 kg P/ha  40 kg P/ha  Control  20 kg P/ha  40 kg P/ha  Control  20 kg P/ha  40 kg P/ha 
   







1  0.05  0.02  0.26  0.09  0.22  0.06  0.26  0.13  0.47  0.37  0.39  0.11  0.16  0.11  0.19  0.07  0.47  0.16 
2  0.03  0.01  0.14  0.06  0.13  0.05  0.28  0.04  0.40  0.29  0.33  0.09  0.26  0.11  0.19  0.09  0.81  0.45 
3  0.01  0.00  0.07  0.03  0.10  0.02  0.08  0.00  0.02  0.01  0.07  0.05  0.04  0.02  0.09  0.03  0.10  0.05 







1  0.65  0.03  0.97  0.27  0.87  0.14  0.50  0.21  0.85  0.70  0.71  0.20  0.94  0.26  2.30  0.76  3.51  0.33 
2  0.36  0.10  0.57  0.14  0.53  0.06  0.53  0.03  0.68  0.47  0.58  0.18  3.69  1.43  4.07  1.29  8.42  2.76 
3  0.16  0.05  0.24  0.07  0.42  0.02  0.26  0.00  0.04  0.03  0.11  0.09  0.94  0.43  1.31  0.48  1.41  0.16 







1  0.60  0.03  0.71  0.18  0.65  0.12  0.24  0.10  0.38  0.32  0.33  0.09  0.77  0.18  2.11  0.71  3.04  0.23 
2  0.33  0.10  0.44  0.15  0.41  0.04  0.25  0.01  0.28  0.18  0.25  0.10  3.43  1.49  3.88  1.31  7.61  2.31 
3  0.15  0.05  0.26  0.07  0.34  0.02  0.17  0.01  0.02  0.01  0.06  0.05  0.90  0.42  1.13  0.43  1.36  0.18 







1  0.13  0.03  0.12  0.07  0.14  0.10  0.05  0.03  0.09  0.07  0.06  0.02  0.73  0.71  0.81  0.29  0.95  0.54 
2  0.08  0.03  0.23  0.06  0.21  0.06  0.15  0.12  0.13  0.11  0.09  0.03  0.24  0.11  0.32  0.17  0.84  0.51 
3  0.11  0.06  0.43  0.14  0.51  0.14  nd  nd  0.08  nd  0.01  nd  0.05  0.02  0.09  0.01  0.12  0.03 
4  0.19  0.07  0.64  0.13  0.28  0.22  0.01  nd  0.02  nd  nd  Nd  0.02  0.00  0.06  0.03  0.06  0.01 
 
Note: DOP - dissolved organic P; TDP - total dissolved P; PP - particulate P; 1, 2, 3, 4 - simulated rain events, 1- at 5 % slope: 2, 3, and 4- at 10 % slope; SE - standard error 





Table  7.3.  Dissolved  reactive  P  (DRP),  total  dissolved  P  (TDP),  dissolved  organic  P  (DOP)  and    particulate  P  (PP)  load  (volume  (l)  x 
concentration (mg/l)) runoff and throughflow at 10 and 30 cm for clay soils at rain events 1, 2, 3, 4 and three rates of P application. For statistical 




Throughflow at 10 cm 
 
Throughflow at 30 cm 
 
         Event  Control  20 kg P/ha  40 kg P/ha  Control  20 kg P/ha  40 kg P/ha  Control  20 kg P/ha  40 kg P/ha 







1  0.06  0.03  0.02  0.00  0.05  0.03  0.19  0.15  0.41  0.23  0.34  0.23  0.07  0.03  0.24  0.13  2.00  1.97 
2  0.04  0.01  0.03  0.02  0.22  0.01  0.85  0.48  3.24  1.48  2.59  0.97  0.07  0.03  0.11  0.05  0.88  0.59 
3  0.13  0.04  0.24  0.06  0.56  0.26  0.04  0.02  0.12  0.02  0.14  0.03  0.04  0.02  0.09  0.06  0.24  0.11 







1  0.43  0.13  0.53  0.04  1.24  0.71  0.72  0.59  2.26  0.76  1.91  1.10  0.41  0.14  0.70  0.02  5.20  4.22 
2  0.39  0.17  0.22  0.13  0.67  0.04  1.61  1.10  9.84  3.66  20.3  8.21  0.71  0.09  0.85  0.26  3.37  1.47 
3  0.18  0.05  0.38  0.07  0.79  0.24  1.82  0.66  7.93  1.88  12.3  4.69  0.48  0.06  0.46  0.08  3.34  1.45 







1  0.37  0.13  0.51  0.04  1.19  0.67  0.53  0.44  1.85  0.54  1.57  0.88  0.34  0.10  0.46  0.10  3.20  2.25 
2  0.35  0.15  0.21  0.12  0.45  0.03  0.77  0.63  6.60  2.30  17.7  7.97  0.64  0.06  0.74  0.28  2.50  1.10 
3  0.06  0.01  0.14  0.05  0.23  0.08  1.79  0.63  7.81  1.86  12.2  4.66  0.43  0.04  0.36  0.02  3.11  1.35 







1  0.37  0.10  0.29  0.15  0.57  0.05  0.37  0.02  1.09  0.24  1.17  0.35  0.91  0.31  1.04  0.26  2.13  0.50 
2  0.08  0.02  0.15  0.07  0.25  0.04  0.28  0.10  0.74  0.33  0.69  0.29  1.24  0.47  1.21  0.30  4.21  1.30 
3  0.06  0.01  0.12  0.04  0.19  0.05  0.16  0.05  0.53  0.09  2.01  0.73  0.05  0.01  0.39  0.14  1.10  0.15 
4  0.10  0.04  0.18  0.09  0.24  0.09  0.05  0.02  0.03  0.00  0.07  0.02  0.03  0.01  0.04  0.02  0.09  0.03 
 
Note: DOP - dissolved organic P; TDP - total dissolved P; PP- particulate P; 1, 2, 3, 4 - simulated rain events, 1- at 5 % slope: 2, 3, and 4 - at 10 % slope; SE - standard error 





Table  7.4.  Proportions  of  dissolved  reactive  P  (DRP),  total  dissolved  P  (TDP), 
dissolved organic P (DOP) and particulate P (PP) in TP (as a % of P in unfiltered 
samples) in runoff, throughflow at 10 and 30 cm collected from packed boxes of sand.  
 









at 30 cm 
 













20 kg  
P/ha 
 






20 kg  
P/ha 
 
40 kg  
P/ha 
 
DRP (%)  1  8  23  22  48  53  51  7  6  11 
  2  7  17  17  43  49  50  4  8  9 
  3  4  11  11  31  49  28  5  7  7 
  4  4  7  25  4  nd  18  4  5  4 
DOP (%)  1  88  66  64  42  36  42  68  68  69 
  2  76  53  56  40  38  37  87  89  83 
  3  55  40  37  66  63  41  90  80  88 
  4  45  36  28  94  68  nd  83  81  84 
PP (%)  1  17  11  14  9  11  7  25  26  20 
  2  18  30  28  16  13  14  6  7  8 
  3  59  63  54  3  73  31  5  7  8 









































  Note: 1, 2, 3, 4 are rain events: 1- at 5 % slope: 2, 3, 4 - at 10 % slope. 
 
 
Table  7.5.  Proportions  of  dissolved  reactive  P  (DRP),  total  dissolved  P  (TDP), 
dissolved organic P (DOP) and particulate P (PP) in TP (as a % of P in unfiltered 





                                         Runoff 
 
                               Throughflow 
                               at 10 cm 
 
                                       Throughflow 
                                         at 10 cm 
 
    Control 
 
20 kg  
P/ha 














DRP (%)  1  7  2  3  11  11  12  5  13  27 
  2  8  14  24  43  29  12  3  5  13 
  3  51  46  54  2  1  1  8  11  5 
  4  62  60  67  63  57  50  22  14  16 
DOP (%)  1  47  62  67  30  53  57  26  27  44 
  2  72  57  50  33  65  85  31  36  33 
  3  24  32  25  90  92  85  83  44  70 
  4  16  22  19  33  41  48  50  30  34 
PP (%)  1  45  36  31  58  37  54  69  60  30 
  2  20  30  26  24  7  3  66  59  54 
  3  25  22  20  9  6  14  9  45  25 
  4  22  17  14  3  2  2  28  38  50 
  












Fig. 7.7. Total solids (TSS) concentrations in sand and clay soils at rain events 1, 2, 3, 4 and three rates of P application. Vertical bars represent 











Fig. 7.8. Soluble organic carbon (SOC) concentration in runoff and throughflow at 10 and 30 cm for sand and clay soils for rain events 1, 2, 3, 4 
and three rates of P  application. Vertical bars represent standard error of mean for three replicates. For statistical analysis of the effects of P rates 








Fig. 7.9. Depthwise distribution of pH and electrical conductivity (EC) values of soil solution for rain events 1, 2, 3, 4 and three rates of P 
application for sand and clay soils. Vertical bars represent standard error of mean for three replicates. For statistical analysis of the effects of P 





Table 7.6. Depthwise distribution of dissolved reactive P (DRP), dissolved organic P (DOP) and total dissolved P (TDP) concentrations in soil 
solution for rain events 1, 2, 3, 4 and three rates of P application for sand. For statistical analysis of the effects of P rates and events, see 
Appendix 7.9. 
 







   
Control 
 
20 kg P/ha 
 




20 kg P/ha 
 




20 kg P/ha 
 














































1  0.47  0.26  22.2  6.60  24.2  0.12  1.27  0.36  8.19  1.89  15.6  1.18  1.74  1.53  1.28  0.24  1.82  0.63 
2  0.36  0.07  20.0  3.15  29.0  1.99  0.96  0.19  19.5  8.04  29.1  2.13  1.13  0.94  2.50  0.65  2.93  0.82 
3  0.37  0.06  9.00  2.07  23.7  0.89  0.37  0.07  3.30  0.52  19.1  2.93  0.18  0.04  0.23  0.01  4.84  4.26 






1  2.67  0.40  137  17.5  533  79.7  3.20  0.61  10.2  6.06  12.5  0.86  1.80  0.48  2.51  0.43  3.20  0.42 
2  2.67  0.29  86.0  34.7  121  6.91  4.44  0.04  46.9  25.2  103  31.4  2.87  0.53  5.47  0.37  6.30  1.86 
3  1.53  0.27  18.0  2.81  21.0  0.63  2.17  0.21  9.60  3.18  15.2  3.91  1.52  0.49  1.74  0.43  2.49  1.06 






   1  3.13  0.18  160  11.6  550  72.3  4.47  0.50  18.3  6.36  28.0  0.58  3.53  1.56  3.79  0.45  5.02  0.45 
2  3.03  0.35  106  35.4  150  5.77  5.40  0.15  66.4  32.0  132  33.5  4.00  1.29  7.97  0.89  9.23  2.38 
3  1.90  0.32  27.0  4.58  37.0  8.54  2.53  0.15  12.9  2.74  34.3  6.84  1.70  0.45  1.97  0.42  7.33  3.96 
4  1.27  0.35  21.7  4.33  30.7  4.10  2.77  0.26  10.9  1.03  25.0  2.00  1.23  0.19  1.77  0.39  4.13  2.20 
 





Table 7.7. Depthwise distribution of dissolved reactive P (DRP), dissolved organic P (DOP) and total dissolved P (TDP) concentrations in soil 
solution at rain events 1, 2, 3, 4 and three rates of P application in clay. For statistical analysis of the effects of P rates and events, see Appendix 
7.10. 
 







   
Control 
 
20 kg P/ha 
 




20 kg P/ha 
 




20 kg P/ha 
 














































1  0.64  0.53  8.51  6.98  9.67  4.07  0.06  0.02  0.19  0.03  0.28  0.11  0.11  0.08  0.07  0.00  0.08  0.01 
2  0.32  0.15  8.19  1.70  10.0  0.58  0.44  0.23  6.25  4.96  0.02  0.01  0.00  0.01  0.00  0.03  0.08  0.01 
3  1.31  0.49  15.2  1.82  13.7  6.36  0.82  0.52  3.05  1.17  3.10  2.09  0.01  0.00  0.02  0.01  1.02  0.02 






1  1.43  0.29  173  103  410  211  2.43  0.60  10.9  3.03  38.0  28.5  0.33  0.03  0.40  0.00  0.80  0.15 
2  1.60  0.15  80.0  20.8  104  67.8  3.37  0.32  19.2  6.78  32.8  25.6  0.33  0.03  0.67  0.22  1.40  0.95 
3  2.17  0.19  32.0  5.29  35.0  12.5  3.30  0.47  14.5  3.99  24.0  4.00  0.33  0.03  0.37  0.12  2.97  1.56 






1  0.80  0.37  165  103  400  210  2.37  0.62  10.8  3.06  37.7  28.6  0.22  0.10  0.33  0.00  0.72  0.15 
2  1.28  0.24  71.8  22.5  94.7  67.9  2.92  0.39  15.1  4.27  32.8  25.6  0.33  0.04  0.67  0.19  1.43  0.94 
3  0.86  0.31  16.8  3.47  21.3  7.30  2.48  0.94  11.4  4.74  20.9  6.07  0.32  0.04  0.35  0.11  2.62  1.26 
4  1.27  0.21  12.0  0.80  16.5  8.47  3.04  0.83  5.38  0.23  13.2  1.43  0.16  0.04  0.35  0.12  0.62  0.36 
 











Fig. 7.10. Depthwise soluble organic carbon (SOC) concentration in soil solution for rain events 1, 2, 3, 4 and three rates of P application to sand 
and clay soils. Vertical bars represent standard error of mean for three replicates. For statistical analysis of the effects of P rates and events, see 






Fig. 7.11. Depth wise distribution of Colwell-P and CaCl2-P in sand and clay soils in the packed boxes after rainfall simulation runs. Values are 





7.4.3 Field study 
7.4.3.1 Extent of runoff and throughflow 
   
The runoff volume and P forms in runoff from field rainfall simulation and 
natural rain events are given in Tables 78 and 7.9. Statistical analysis of the data are 
reported  in  Appendix  7.13  and  7.14  The  average  time  to  start  of  runoff  in  field 
rainfall simulations in the first and second run ranged between 25-28 min and 11-17 
min, respectively. The average runoff volume in the 1
st and 2
nd run varied from 2475-
2717 ml and 1920-7535 ml, respectively, irrespective of method of application but P 
loss increased with P rates (Table 7.8; Appendix 7.13). The pH and EC values of 
runoff varied from 7.01-7.61 and 0.99-1.32 mS/cm, respectively. The DOP load was 
a major proportion (51-87 %, data not shown) of TDP for the 2
nd simulation run 
(Table 7.8) whereas a higher proportion of DRP (47-57 %, data not shown) was 
found for the 1
st run. Significantly higher P load occurred for broadcast P fertilizer 
application relative to drilled fertilizer (Table 7.8; P < 0.05, Appendix 7.13).  
 
For natural rain events during 2007, runoff and throughflow were collected 
only from two rain events in April 2007 and July 2007, respectively. Less than 2 L of 
runoff was obtained in the 1
st event and no runoff was collected in the 2
nd event, 
which was a smaller rainfall event spread over a longer period of time (Appendix 
7.1). On the other hand, throughflow collected from runoff plots during the two rain 
events ranged from 25-33 L and 12-27 L, respectively. The DRP concentration in 
throughflow collected from runoff plots in the field was < 0.15 mg/l for the two 
events and a higher P concentration occurred for the high rate of P application. The 
DOP concentration was higher than for DRP (0.17 mg/l). 
7.4.3.2 Extent of leaching  
 





field. The highest EC value was noted at 5 cm depth and values dropped with greater 
depth for both simulated rainfall runs. The DRP concentration for the first run was 
higher  for  the  higher  P  application  rate  (2.74  mg/l)  and  decreased  with  depth 
(Appendix 7.14). For the 2
nd run no significant effect noted for DRP concentration 
with method of P application but DRP concentration increased significantly with P 
rates of application (P < 0.05, Appendix 7.14).   
7.4.3.3 Extractable soil P 
   
The depth-wise distributions  of Colwell-P and CaCl2-P in  soil before and 
after  field  rainfall  simulation  are  given  in  Fig.  7.13.  The  levels  of  bicarbonate 
extractable P and CaCl2-P were highest at 0-2.5 cm depth irrespective of P rate and 
simulation run. The higher P concentration at 0-2.5 cm depth was under broadcast 
application  of  P  fertilizer  at  40  kg  P/ha  (104  mg/kg,  Appendix  7.15).  However 
Colwell-P and CaCl2-P declined with depth and below 2.5 cm depth there was little 





Table 7.8. Runoff characteristics including P load of different P forms for two simulated rain events on field runoff plots. For statistical analysis 
of the effects of P rates and events, see Appendix 7.13. 
 
 
1st run simulation 
 















20 kg P/ha 
 




20 kg P/ha 
 
40 kg P/ha 
 
20 kg P/ha 
 



































pH  7.01  0.11  7.16  3.58  7.05  0.03  7.61  0.09  7.30  0.21  7.39  0.10  7.55  0.07  7.38  0.01 
EC(mS/m)  132  17.6  109  54.2  107  5.10  101  0.67  121  3.80  118  7.50  101  0.30  99.2  0.90 
DRP (mg)  3.15  0.26  4.46  0.90  4.93  0.55  0.35  0.05  6.46  0.36  28.5  0.10  2.29  0.24  6.22  0.42 
TDP (mg)  5.92  0.27  7.75  1.57  10.4  0.57  2.68  0.33  46.4  5.82  225  9.15  4.68  0.36  15.4  0.78 
DOP (mg)  2.77  0.00  3.30  0.67  4.12  0.33  2.33  0.33  39.9  6.18  197  9.05  2.39  0.11  9.17  0.36 
PP (mg)  0.66  0.10  0.74  0.19  1.14  0.17  1.03  0.06  44.0  0.64  232  19.7  1.67  0.25  4.72  0.62 
SOC (mg/l)  12.4  1.17  12.9  6.50  12.9  1.04  5.78  0.67  11.6  5.78  6.19  2.06  5.36  0.41  7.01  0.41 
TSS (g/l)  1.63  0.24  1.75  0.87  2.00  0.29  1.75  0.14  1.75  0.25  1.80  0.25  2.00  0.50  2.25  0.75 
ROF start time (min)  27.3  7.90  28.3  14.1  25.7  6.30  14.5  3.10  11.0  2.00  13.5  1.50  17.0  7.00  15.5  0.50 
ROF Vol (ml)  2527  1015  2475  1238  2717  462  3690  793  1920  670  7535  2185  3040  1640  7050  2200 
 
Note: DRP - dissolved reactive P; DOP - dissolved organic P; TDP - total dissolved P; PP - particulate P; TSS - total solids; ROF - runoff; SOC- soluble organic carbon; SE - 





Table 7.9. Phosphorus forms in runoff and throughflow collected at two rainfall events from runoff plots installed in the field during year 2007. 
 
   
Control 
 
20 kg P/ha 
 
40 kg P/ha 
 
Volume (L)  Runoff (1st event)  Very low  Very low  Very low 
  Runoff (2nd event)  No runoff  No runoff  No runoff 
  Throughflow (1st event)  24.8  24.8  33.0 
  Throughflow (2nd event)  12.0  27.0  14.0 
DRP(mg/l)  Runoff (1st event)  nd  0.42 (0.25)  0.61 (0.39) 
  Throughflow (1st event)  0.01 (0.00)  0.05 (0.02)  0.15 (0.10) 
  Throughflow (2nd  event)  0.01 (0.00)  0.02 (0.00)  0.01 (0.00) 
TDP (mg/l)  Runoff (1st event)  No data  0.73 (0.30)  1.30 (0.71) 
  Throughflow (1st event)  0.05 (0.01)  0.21 (0.07)  0.26 (0.17) 
  Throughflow (2nd event)  0.06 (0.00)  0.06 (0.03)  0.08 (0.01) 
DOP (mg/l)  Runoff (1st event)  nd  0.31 (0.04)  0.73 (0.47) 
  Throughflow (1st event)  0.04 (0.01)  0.14 (0.02)  0.17 (0.03) 
  Throughflow (2nd event)  0.05 (0.00)  0.06 (0.05)  0.07 (0.01) 
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Fig. 7.12. Phosphorus concentration as various P forms in soil solution collected in 
situ at 5, 10 and 15 cm depth in the 1st and 2nd simulation runs for the field runoff 
plots. Note the larger range of P concentrations for the 2nd simulation. For statistical 







Fig. 7.13. Depth wise distribution of Colwell-P and CaCl2-P before and after simulated rainfall on the runoff plot in the field. Vertical bars 





7.5 Discussion  
 
The potential for P losses from sand and clay soils in leachate and runoff was 
quantified in previous chapters (Chapter 2 to Chapter 6). This chapter presents more 
direct evidence of transport of different P forms via runoff, throughflow or leaching 
losses using field run-off plots and packed boxes. Most of the P lost from agricultural 
catchments was transported via surface runoff (Nash and Murdoch, 1997; Fleming 
and Cox, 1998) but subsurface flow and leaching can also contribute to P transport 
(Chittleborough  et  al.,  1998;  Stevens  et  al.,  1999;  Cox  and  Pitman,  2001). 
Phosphorus  mobility  through  the  soil  can  occur  via  preferential  flow  pathways 
(macropores) or lateral flow at the interface of sandy A and clayey B-horizon. 
7.5.1 Runoff losses of P 
 
Field  and  packed  box  simulation  studies  revealed  a  longer  time  for  the 
commencement of runoff generation when the soil was initially drier than at later 
events  where  the  soil  was  already  wet  to  saturation  when  the  rainfall  events 
commenced. The runoff volume collected was also higher in the 2
nd simulation event 
both in field and packed boxes. The proportion of runoff volume increased with rain 
events for the clay soil compared to throughflow at 30 cm which could be attributed 
to higher exchangeable Na and clay content at lower depth, as a result of which 
dispersion  increased  with  the  wetting  of  soil  and  decreased  the  permeability  of 
subsoil (Stevens et al., 1999).  
 
The effect of slope on runoff volume and quality could not be unambiguously 
determined in the packed box study because of the slope difference between runs 1 




unconsolidated  material  available  for  detachment  and  soil  reactions  affecting 
turnover of organically bound P and sorption of inorganic P. Nevertheless the effect 
of slope was probably not large since increasing it from 5 to 10 % did not increase 
the  runoff  volume  (P  <  0.05,  Appendix  7.3  and  7.4),  indeed  there  was  a  larger 
proportion of runoff at lower slope (5 %) than at higher slope (10 %) (Table 7.1). It 
is possible that the simulated rainfall rate in the present study exceeded the rainfall 
infiltration rate and hence runoff was insensitive to increase on slope. However, a 
more  systematic  study  on  the  effect  of  slope  on  generating    runoff  needs  to  be 
conducted since it will be influenced by rainfall characteristic (i.e rainfall intensity or 
rate),  surface  soil  properties  (residue  cover,  soil  water  content)  and  also  by  soil 
hydrological characteristic (Palis et al., 1997). 
 
The high proportion of total P lost as DOP and its stronger relationship with 
TDP compared to DRP (P < 0.01, R
2
sand = 0.81, R
2
clay = 0.79, Appendix 7.16 and 
7.17) suggest that DOP is the major dissolved P form lost in runoff. In Chapters 3 
and  5  also,  it  was  reported  that  a  large  proportion  of  extractable  soil  P  was  in 
organically bound form and in leachate from soil columns, most of the mobile P was 
DOP.  
 





clay  =  0.35,  Appendix  7.16  and  7.17)  in  both  soil  types  in  the  box  study 
reflecting the important contribution of PP to TP concentration in runoff which is 
consistent with the findings of Kleinman et al. (2004). The TSS concentration (g/l) 
was greater from packed boxes than from field plots and these differences might be 
due to exposed, bare soil of the packed boxes (Kleinman et al., 2004). In addition, 




availability of fine particles for detachment and runoff, and possibly decreasing the 
stability of the remaining aggregates (Kleinman et al., 2004). 
 
In terms of erosion and PP loading, the values in the 1
st two rainfall events 
were significantly higher compared to other events, which were attributed to both 
high initial TSS concentration and to bare soil surface which lead to more particle 
detachment through erosion (P < 0.05). The PP load in runoff samples collected from 
clay soil decreased with successive rainfall events, which may be attributed to the 
preferential loss of easily mobile PP, as it is independent of the volume of flow 
during each runoff event. Nash and Murdoch (1997) noted that PP made up only 7 % 
of total P in runoff from dairy subcatchment in Victoria. The decrease in PP and TSS 
in later events might be due to increasing cover by subterranean clover foliage on the 
surface  of  boxes,  which  would  have  protected  the  soil  surface  from  sediment 
detachment (Puustinen et al., 2006). There are many factors, which influence runoff 
losses such as soil type, slope, rainfall intensity, length of slope, degree of prior 
erosion,  antecedent  soil  moisture  and  vegetation  cover  (Wischmeiser  and  Smith, 
1978;  Rekolainen  and  Posch,  1993).  Some  of  these  factors  are  either  inherent 
characteristics of the site or natural phenomenon and can thus normally not to be 
controlled (Puustinen et al., 2006).  
 
The concentration of P in  the runoff was  increased after P application as 
observed in the field simulation but was higher with broadcast P application than 
drilled  P  (P  <  0.05,  Appendix  7.13).  Broadcast  P  application  is  the  method  of 
fertilizer  supply  to  pastures  in  the  catchment  in  contrast  with  cropping  where  P 
fertilizer is drilled in rows below the soil surface. Hence, the conventional practise of 




inherently more risky in terms of P transport to streams than P application for crop 
production, notwithstanding the fact that P rates are generally lower per unit area 
than  rates  for  cropping  and  that  less  soil  disturbance  follows  broadcast  fertilizer 
application. Much of the increase in runoff P can be attributed to soluble P additions 
in the form of DAP fertilizer. Similar results were reported by Kleinman et al. (2004) 
who observed an increase in runoff TP concentration by broadcasting of manure.  
7.5.2 Throughflow P losses 
   
In  the  clay  soil,  the  volume  of  throughflow  was  highest  in  the  first  two 
rainfall simulation runs and dropped afterwards. The proportion of throughflow was 
higher in clay soil whereas for the sand the proportion of leachate was higher (Table 
7.1). The throughflow volume generally depends on topsoil texture and the degree of 
porosity contrast between topsoil and subsoil (Stevens et al., 1999). Sediment can be 
readily transported below the soil surface as dispersed particles. Higher ESP of the 
subsoil  and  increased  turbidity  of  throughflow  with  rain  events  for  the  clay  soil 
indicate  that  dispersion  is  contributing  to  PP  transport  in  throughflow.  The 
throughflow samples collected from the clay soil was highly turbid for initial rain 
events,  which  most  likely  was  due  to  the  higher  internal  erosion  in  macropores 
(Kirchman, 1991). A higher proportion of PP was found for the clay soil at depth in 
comparison to the sand, therefore subsurface lateral flow along the interface with 
dispersive  clay  might  be  a  source  of  P  mobility  in  the  clay  soil.  The  hydraulic 
behaviour below 10 cm in clay soil largely depends on the amounts and nature of the 
clay minerals  present,  soil structure and the levels  of exchangeable  Na and ESP 
(Tennant et al., 1992). Therefore variations in throughflow P loss from the catchment 
are suggested to be mainly due to textural and sodicity differences and the tendency 




In sand soil higher volume of throughflow occurred at 30 cm than 10 cm and 
significantly  decreases  with  runoff  events  but  no  significant  effect  noted  for 
treatments  (P  <  0.05,  Appendix  7.5  and  7.7).  The  presence  of  a  larger  %  of 
macropores (Appendix 6.1) would allow soil solution to leach frequently from sand 
soil  compared  to  clay  soil.  Also  DOP  was  the  most  abundant  form  of  P  loss 
compared to PP. 
7.5.3 Phosphorus leaching losses 
 
Higher volumes of throughflow were collected at 30 cm in sand soil than at 
10 cm, along with higher P concentrations, indicating greater P loss due to leaching 
in the sand soil. The rate of applied P fertilizer was the major factor influencing P 
leaching losses from sand and clay soils under leaching conditions both in field and 
box  studies  (P  <  0.05,  Appendix  7.9  and  7.10).  These  results  support  those 
previously described in Chapter 6 where both DRP and DOP concentration increased 
with P rate and loss was comparatively higher for sand than clay. The results are 
consistent  with  those of Weaver et  al.  (1988)  who reported  both  P leaching and 
lateral flow at depth in sand but did not discuss the form of P mobilised. Leaching of 
P in the present study appears to have occurred to the greatest extent within the 
coarse textured soil (sand soil), but has been curtailed by the underlying dispersive 
clay and silt particles in the clay soil. Below 5 cm, P leaching was slow in the clay 
soil,  which  might  be  due  slow  water  movement,  reduced  macro  porosity  and 
increased sorption of DRP.  
 
The concentration and total amount of P moving in organic form (DOP) in 
the leachate was significantly larger than for the inorganic form (DRP). The high 




0.05, Appendix 7.16 and 7.17) in the column leaching, the field run-off plots and the 
packed boxes suggest that DOP was the major form of  mobile P. Moreover, the 
similar proportions of the DOP fraction in soil solutions, which are collected through 
a 0.1 m pores, and the < 0.45 m filtered leachate suggests that little of the DOP 
fraction was actually fine particulate P (0.1-0.45 m).  Other studies such as Ron 
Vaz et al. (1993) have DOP as the major fraction in soil solution below 10 cm soil 
depth in soil receiving a high P rate but as in the present DOP was calculated as the 
difference between TDP and DRP: this still leaves open the question of whether the 
fraction is solely DOP or some combination comprising DOP and fine PP. Other 
studies such as Chardon et al. (1997) conducted a short term examination of leaching 
of several soils after piggery slurry application  found that the majority of P was 
leached  in  the  form  of  DOP,  and  it  dominated  the  solution  P  forms  at  depth. 
However, the relevance of these results with a high concentration of slurry to soil 
treated with inorganic P fertilizer are unclear.  
 
In the present study, DOP load increased with high P application relative to 
control and 20 kg P/ha treatments in throughflow at 30 cm in the packed box study 
(P < 0.05, Appendix 7.7 and 7.8). Soils generally have weaker adsorption strength 
for DOP compared to orthophosphate (Lilienfein et al., 2004) and hence the high 
proportion  of DP  as  DOP has  significant  implications  for P mobility  in  profiles. 
However, it is important to note that concentrations of DOP and DRP in the field 
runoff plots were much lower than those in the box study. The box study and rainfall 
simulations may represent the risk of P loss immediately after P application while the 
field plots represent the lower risk during the season when the reaction of P with 




weakly sorbed by soil colloids it remains unclear why there would be a decline in 
concentration of DOP during the season in the field soils. 
 
The runoff, throughflow and leachate were dominated by eroded particles of 
clay (PP) and colloidal organic materials (DOP). The DOP fraction may contain fine 
(<  0.45  m)  quartz,  mica,  kaolinite  and  chlorite  minerals  which  are  potential 
inorganic carriers for DRP. On the other hand DOP in soil solution (< 0.45 m) might 
be associated with fine colloidal compound such as silicates, metallic hydroxides, 
humic acids, polysaccharides, fulvic acids and proteins. It was evident from the dark 
colour of soil solution and its high SOC concentration at depth in the soils that a 
potential  organic  carrier  of  P  exists  in  mobile  water,  even  though  the  exact 
composition  of  it  remains  unresolved.  In  addition  to  DP,  P  bound  to  suspended 
particles and
 colloids contributes to P leaching from agricultural soils (Hesketh et al., 
2001; Hens and Merckx, 2002; Motoshita et al., 2003). Phosphorus
 may be bound to 
mineral colloids, such as Fe and Al oxides,
 or to organic or organo–mineral colloids 
(Hens and Merckx, 2002). Colloidal P in soil solution account about 13 to 95% of 
TP, but its relevance for
 P leaching and the processes governing its release from soils
 
are not fully understood (Haygarth et al., 1997; Hens and Merckx, 2001; Shand et al., 
2000). 
 
Hannapel  et  al.  (1964)  concluded  that,  except  for  relatively  high  P  rates 
where inorganic levels of P exceed the soil capacity to adsorb the added P, most P 
leaching through soil is in an organic form. This suggests that little of the organically 
bound P was in the form of inositol hexa-P since this form, unlike others, is more 
strongly adsorbed than inorganic phosphate in soils (Anderson et al., 1974). In soils, 




(Sharpley et al., 2003) but mostly exists as insitol phosphate which adsorbs more 
strongly to iron oxides of soil than orthophosphate (Anderson et al., 1974) whereas 
the other OP compounds (such as phosphodiesters) are adsorbed less strongly to the 
soil matrix and are vulnerable to mineralization and leaching (Magid et al., 1996). 
Inositol phosphates are extremely stable in soils and form sparingly soluble salts with 
ions such as Fe, Al and Ca. They form strong complexes with proteins and can be 
strongly adsorbed by clay minerals and short-range order hydrous oxide materials 
(Berg  and  Joern,  2006).  By  contrast,  nucleic  acid  and  phospholipids  are  rapidly 
broken down in soils and account for little soil OP. However, 85-88 % of TP as DOP 
forms was reported by Toor et al (2003) who suggest that it consists of monoester 
and  diester  compounds.  The  monoesters  comprised  labile  monoester-P  and 
inositolhexa-P. 
 
An increase in SOC concentration was found with respect to depth in both 
sand and clay soil but especially in clay soil (Fig. 7.8). A linear relation between 
SOC and DOP in the soil solution at 0-5 cm depth (P < 0.05, Appendix 7.18 and 
7.19)  in  both  soil  types  suggest  that  amount  of  organic  matter  dissolved  in  soil 
solution might have influenced the P sorption through interaction with P anions and 
their  transport  (Holford  and  Mattingly,  1975).  Further  investigation  needs  to  be 
carried  out  to  determine  the  particular  forms  of  unreactive  P  (DOP)  in  leachate, 
runoff and throughflow, and their relative sorption by soils of the south west Western 
Australia. Further research is required to identify the factors affecting the amount 






The P load increased with increasing P rate in both packed box and field 
studies. Under field conditions, higher P loss occurred with broadcast P application 
compared to drill placement. However, the loss of P was much lower in the field 
when applied P fertilizer had been in contact with the soil for several weeks before 
rainfall run-off and throughflow event occurred compared to the mobility of freshly 
applied P fertilizer. A high proportion of TDP was in the form of DOP in runoff and 
throughflow (at 10 and 30 cm depths). The significant relation between DOP and 
SOC in soil solution of sand (R
2 = 0.78, P < 0.05) and clay soils (R
2 = 0.56, P < 0.05) 
at 0-5 cm suggests that amount of organic matter dissolved in soil solution influences 
P sorption and mobility. The relatively higher affinity of soil for DRP compared to 
DOP might allow soluble organic P (DOP) to be more mobile through the profile in 
association with colloidal compounds < 0.1 m. Overall from the sand soil, DRP 
comprised < 35 % of TP in runoff while about 90 % or more of relative P losses via 
runoff and leachate were in DOP and PP forms. The proportion DOP in leachate 
increased with runoff events in the sand. In clay soil, < 72 % of TP lost via runoff 
was  in  PP  forms.  On  the  other  hand  about  90  %  of  P  losses  in  clay  soil  in 
throughflow and leachate were in DOP and PP forms while DRP constituted < 33 % 
of total P lost. Larger proportions of PP and DOP were lost in the 1
st two events 
compared to DRP but their relative contribution to P loss decreased in later events 
for the clay soil. The higher PP concentration for the clay soil at the interface of clay 
and sandy layers indicates subsurface lateral flow is exacerbated by dispersive clay 
which might be an additional concern regarding P mobility in clay and duplex soils 









A major issue faced by catchment managers in the  South coast region of 
Western Australia is how land use practices relate to the quantity and quality of  
water outflow from the catchment. However, the contribution of diffuse agricultural 
sources to overall nutrient load in the stream and estuarine waters of the South coast 
region is  not  well defined although modeling by Weaver et  al.  (2003,  2004) for 
catchments on the south and west coasts of Western Australia has begun to address 
these issues. Therefore the present study was conducted to predict the risk of P losses 
from low-P status soils of the South coast region of Western Australia, which has a 
Mediterranean-type climate (cool wet winters and hot dry summers), and relate these 
to soil properties and forms of P loss via runoff, throughflow and leaching. 
 
Continuous water quality data collected by CSIRO in 2005, 2006 and 2007 
(personal  communication  with  Dr.  Mike  Wong)  for  the  upper  Fitzgerald  River 
catchment provides evidence of P losses from the agricultural land uses of the upper 
catchment  and  the  measured  reactive  P  concentration  in  stream  water  was 
consistently higher than desirable limits for water quality (0.05 mg/l), indicating the 
risk  of  eutrophication  in  downstream  waters  of  the  Fitzgerald  River.  There  is 
therefore a concern that other catchments along the south coast of Western Australia 
might be similarly at risk of excessive P levels in runoff water from diffuse sources 





Phosphorus  from  agriculture,  which  dominates  land  use  in  the  upper 
Fitzgerald River catchment, is the main source of P measured in stream water but the 
mechanisms  controlling  transport  of  P  from  land  to  streams  are  not  understood.  
There is clearly a need to understand the factors affecting risk of P export from 
agricultural land to streams, through an understanding of how P is retained within the 
complex landscapes and transported to adjacent streams via surface and subsurface 
flow  paths.  The  aim  of  the  thesis  was  to  firstly  identify  P  risk  areas  across  the 
104,000 ha upper Fitzgerald River catchment in a moderately dissected landscape 
and then to identify important mechanisms of P retention and mobilization (sorption, 
runoff, throughflow and leaching) from key soils and areas within the catchment.  
 
The conceptual framework for these investigations was to identify Critical 
Source Areas (CSA) that are most vulnerable to P loss via runoff, subsurface or 
leaching processes (Gburek and Sharpley, 1998). Critical Source Areas  are those 
parts  of  the  catchment  where  there  is  effective  connection  between  hydrologic 
transport  processes  (surface  runoff,  erosion,  subsurface  flow)  and  land  surfaces 
(resulting from soil types, crop agronomy, and fertilizer management) that supply P 
in available forms for transport.  Both the P source and hydrologic transport factors 
are highly variable spatially and temporally in landscapes (Gburek et al., 2000). In 
the absence of spatially distributed, dynamic hydrological models for the catchment, 
the most realistic approach to  managing nutrient  losses  into streams  has  been to 
develop a risk-based approach and the present study is a significant contribution to 





Four major P-risk areas were predicted in the catchment by combining both 
the  hydrological  risk  map  (prepared  by  Ruhi  Ferdowsian)  and  a  soil-P  map. 
Phosphorus risk was categorized into 4 zones:  
  Areas  where  high  hydrological  risks  combined  with  soil  Colwell  P  >  30 
mg/kg in the 0-10 cm layer of soil. These areas, referred to as high-risk (HR) 
areas, cover 269 ha;  
  Areas of high hydrological risks with medium soil Colwell P (15-30 mg/kg) 
referred as moderate risk (MR), cover 6,913 ha. Further applications of P 
fertilizers in excess of crop uptake may over time increase the risk factor in 
these areas; 
  Areas with high hydrological risk (HR), but low soil P levels (potential P 
risk), cover only 410 ha. These areas could become MR or HR in the future if 
continued fertilizer inputs substantially increase soil P; 
  The remainder of the catchment is presently considered to present low P risk 
(96,408  ha)  due  to  lack  of  hydrological  connectivity.  Hence  from  a 
management  perspective,  the  areas  for  management  of  P  risk  and 
hydrological  connection  represent  8  %  of  the  catchment  and  it  can  be 
protected  by  implementing  best  management  practices  to  control  P  losses 
such as establishment of buffer strips along drainage lines. 
 
Notwithstanding  its  importance,  the  present  thesis  did  not  examine 
hydrological connectivity. Neither has a detailed hydrological model been developed 
for the upper Fitzgerald River catchment or comparable landscapes on the  South 
coast region of Western Australia. Hence the present thesis which has focused on 
mechanisms  of  P  retention  and  mobilization  (sorption,  runoff,  through  flow  and 




detailed  studies  on  hydrological  connectivity.  An  accurate  hydrological  model  is 
clearly essential to define better the CSAs. Hydrological models developed in other 
studies  (Horton,  1937;  Hewlet,  1961)  suggested  that  runoff  generation  is  a 
combination of infiltration excess and saturation excess. In the infiltration excess 
model  (Horton,  1937),  runoff  is  generated  as  a  rate  of  rainfall  exceeded  that  of 
infiltration whereas in the saturation excess model (Hewlet, 1961), rainfall infiltrates 
and then accumulates at different positions in the landscape as a result of through 
flow processes. The hydrological risk map used in the present study was developed 
previously to assess risk of salinization and hence is mostly a prediction of where 
perched water tables and groundwater discharge will develop in the landscape (R. 
Ferdowsian,  personal  communication).  Hence  it  may  not  adequately  predict 
hydrological  connection  through  runoff  processes.  The  land  management 
implications  of  the  present  study  need  to  be  developed  more  fully  once  further 
investigation of the processes and pathways of hydrological connectivity are tested 
and verified by further research. 
 
In the present thesis, the focus of study has been on individual soil profiles 
and profiles along toposequences and on small run-off plots to understand forms of P 
in soils and the forms that are mobilized by run-off, throughflow and leaching. 
8.1 Soil profile properties affecting P levels, P forms and P 
mobility 
 
The TP content of topsoil in the catchment (11-212 mg/kg) was much lower 
than ranges reported for agricultural soils of many other dry land regions such as the 
western United States (860-1290 mg/kg) and Lebanon (375-2575 mg/kg) (Ryan et 
al.,  1983)  and  also  many  other  Australian  soils  (Norrish  and  Rosser,  1983). 




surface water (Sims et al., 2000; Dougherty et al., 2006), the average Colwell-P level 
(1-40 mg/kg) was also low.  
 
The  Land  and  Water  Division  of  CSIRO  provided  the  first  baseline 
monitoring data for stream water quality in the cropping zone of the South coast zone 
of  Western  Australia.  High  baseline  concentrations  of  P  were  measured  at  five 
stream locations in the upper Fitzgerald River catchment (Dr Mike Wong and Adam 
Lilicarp,  personal  communication).  Despite  the  low  average  TP  (76  mg/kg)  and 
Colwell-P (19 mg/k) values across the catchment, the DRP concentration in stream 
water of the Fitzgerald River was consistently above the threshold value (0.05 mg/l 
ANZECC) for eutrophication. The puzzling paradox, between on the one hand low 
TP  and  Colwell  P  in  soils,  and  on  the  other  the  stream  P  concentrations  which 
consistently exceed 0.05 mg/l, can be partly explained by the spatial distribution of P 
levels,  the  vertical  stratification  of  P  in  the  soil  profile,  the  tendency  to  clay 
dispersion in loam, duplex and clay soils and the high proportion of DOP found in 
soils.  
 
While the mean P status of the catchment was not high, a wide variation in 
soil P levels suggests spatial variation in risk of P loss. Variation in soil P levels 
spatially could be due to variation in soil type, P fertilization history, rainfall pattern 
and soil physico-chemical properties. The western sector of the catchment had higher 
TP, Colwell-P and P balance compared to the eastern sector (Fig 2.8, Chapter 2). The 
land in the western sector of the catchment was subject to earlier land clearing of 
native  vegetation  (between  1960-70),  and  hence  received  a  greater  cumulative  P 
addition (through the use of P fertilizers) to the present time. The P balance in the 




double (21 mg/kg and 3.11 mg/kg) those of the eastern sector (11 mg/kg and 1.47 
mg/kg). With continued P fertilizer application, further P accumulation would be 
expected  to  occur  in  all  parts  of  the  catchment,  as  crop  uptake  and  removal  is 
generally much less than applied P, based on P balance data. Hence the P risk in the 
catchment is likely to increase over time given the same P fertilizer application rates 
and land use. As the stream water in the upper Fitzgerald River catchment already 
shows  evidence  of  P  eutrophication,  clearly  some  change  in  land  use  and  P 
management  is  needed  to  avoid  a  worsening  risk  of  P  eutrophication  of  stream 
waters and associated coastal estuaries. It is also likely that the present findings are 
relevant to other catchments, cleared at about the same time, which drain to the south 
coast  of  WA.  However,  improved  P  management  is  not  feasible  until  there  is  a 
clearer understanding of how P is mobilized from agricultural land in the catchment 
to the streams.  
 
The average TP and Colwell P for the catchment, which are based on 0-10 
cm depth soil samples, may underestimate the risk of P mobilization due to vertical 
stratification of soil P. The levels  of P in  the  surface 0-2 cm  of the soil profile 
interact more closely with runoff processes than soil P at 2-10 cm depth. The average 
concentration of Colwell-P in the top 0-1 cm of catchment soils (37 mg/kg) was 
twice as high as that in the 5-10 cm (19 mg/kg) layer. Hence, even based on average 
TP and Colwell P, the risk of P mobilization was higher when considering 0-2 cm 
depth soils than 0-10 cm depth. Nevertheless, the average Colwell extractable P for 
0-1 cm depth was still low compared to the study of Dougherty et al. (2006) who 
examined decrease in P concentration of runoff with destratification in top soils of 





The relative high proportion of resin-P (5-8 % of total P, P < 0.05, Appendix 
3.2) and the high CaCl2-P in surface soil and its positive correlation with the degree 
of  P  saturation  suggest  that  P  losses  from  surface  soil  may  occur  via  runoff  or 
leaching.  The  change  point  for  the  Colwell-P  was  ~  15  mg/kg  for  the  0-10  cm 
sampling  depth  which  is  lower  than  for  other  studies  and  is  affected  by  soil 
characteristics and land use history. Most researchers have reported change point 
values ranging between 10-119 mg/kg (Hartz and Johnston, 2006). The change point 
of 15 mg P/kg suggests that when surface Colwell-P exceeds this threshold value, the 
soil  solution  P  concentration  increased  linearly  with  Colwell  P  and  potentially 
releases P to runoff, through flow or leaching losses. The CaCl2-P provides at least 
an indicator of the soil P concentration at which greater P concentration begins to 
occur in drainage water.  
 
The amount of P released from soil to water is dependent upon the soil P 
quantity and intensity relationship. These two factors are linked by soil P sorptivity 
which is function of sorption capacity and sorption strength which controls the rate 
of  desorption  and  diffusion  (Holford  and  Mattingly,  1976).  There  are  several 
controlling  factors  that  determine  the  soil  Colwell-P  concentration  at  which  P  is 
released to soil solution (change point) such as clay content, Fe or Al concentration 
and pH (Fortune et  al., 2005). The lower Langmuir PSC and Freundlich affinity 
parameters of sand (218 mg/kg and 1.30) compared to loam soil (513 mg/kg and 
1.50) suggests their greater vulnerability to P leaching losses and this was supported 
in the column leaching study (Chapter 6). The change point for sand and clay soils in 
the leaching study was higher compared to that derived from 64 catchment soils, 
which was 15 mg/kg. The difference in change points could be because the leaching 




representative of all soil types in the catchment. The OM content of soils may be 
important also since its association with clay and sesquioxides may inhibit P sorption 
and enhance the mobilization of P via throughflow and leaching losses.  
 
The risk of P losses from the catchment depends on the distribution of P in 
soil profiles and can be explained by a number of relationships. Negative correlation 
of TP to sand (r = -0.35**, P < 0.01) and positive correlation with clay content (r = 
0.41**, P < 0.01) and with oxalate-extractable Fe and Al in surface soils suggest a 
strong association of P with finer soil fractions (Shaheen et al., 2007). The CaCl2-P, 
which  is  considered  as  potentially  mobile  in  runoff  and  leachate  losses,  was 
negatively correlated with oxalate extractable Fe- and Al in surface soil (r= -0.65** 
and r= -0.55**) suggesting the binding of inorganic P to hydrated Feox and Alox 
surfaces. Positive correlation of residual P with clay content, OC, pyro Fe/Al, oxalate 
Fe/Al and silt content suggest residual P occurs in compounds of stable Fe- and Al 
forms as was also observed for semiarid wetlands in Northeast China (Wang et al, 
2008). Therefore, P from surface soil could be mobilized through soil erosion in the 
form of erodible fine particles.  
 
Another important soil characteristic of the catchment which exacerbated risk 
of P losses was subsurface sodicity and the dispersive nature of the subsoil due to 
high exchangeable Na and ESP. High clay content and sodicity in subsoil may inhibit 
downward water movement in soil profiles and thereby enhance the surface runoff 
risk (this point is discussed later).  
 
Relatively higher values of NaOH-Po in  the subsurface layer  and positive 




suggest mobility of soluble organic P into deeper horizons due to leaching during the 
rainy season or in summer rains. 8 
8.2 Relationship between P forms and toposequence position 
 
The export of P is not only a function of the amount of soil transport and 
volume of throughflow and leachate but also of the concentration of P in the particles 
transported  down  the  slope  via  runoff  erosion  losses  and  in  mobile  water.  As 
discussed above, surface soils generally had higher Colwell-P concentrations in the 
0-1 cm layer and according to the conceptual model described earlier, risks of P 
losses  are  more  likely  when  this  high  surface  P  source  interacts  with  transport 
processes such as runoff down the slope.  
 
The  increased  proportion  of  Colwell-Po  compared  to  Colwell-Pi  in  down 
slope positions (P < 0.05, Appendix 5.2) might be related to high surface OM levels 
and  their  association  with  clay  particles.  The  downslope  P  distribution  is  also 
probably  related  to  transportation  of  soil  particles  through  erosion  since  active 
erosion has been reported for the south coast of WA in the past (Nicholas, 2005). 
Accumulation of bicarbonate-Po near the soil surface (0-1 cm) may have impacted on 
surface water quality, if soil materials are transported from field to surface water 
bodies (Selles, 2002). By contrast, low P concentration was found in the streambed 
of several toposeqences in the present study. Scouring of P-laden sediments from the 
streambed by the occurrence of episodic runoff events in 2006 and 2007 may be one 
explanation  for  the  low  streambed  P  recorded.  Such  episodic  events  may  be 
important  to  account  for  all  forms  and  rates  of  P  transport  in  landscapes  of  a 
Mediterrnean climate especially due to intense summer rainfall which coincides with 




has  also  been  a  problem  in  the  South  coast  region  (Nichols,  2005)  and  may  be 
another contributor to patterns of P distribution in toposequences. Alternatively, a 
predominance of P transport as dissolved organically bound P may limit its retention 
in streambed sediments.  
8.3. Mechanisms of P mobilization 
 
Due to the spatial and temporal P distributions as discussed above, the risk of 
P losses from the catchment needs to be managed in defined areas known as CSAs. 
Phosphorus transfer from  surface soil to  streams  relies  on the connection of a P 
source  with  surface  water  bodies  (Quinton  et  al.,  2003)  as  described  in  the 
conceptual  model  previously.  Hence,  the  most  pertinent  mechanisms  of  P 
mobilization are those that operate in CSAs. In the packed box glass house study, 
there was evidence that increased runoff on the clay soil may be exacerbated by high 
exchangeable  Na  in  the  profile,  and  the  resulting  dispersion,  which  reduces  the 
permeability of the subsoil after it becomes wet. While the clay soils examined in 
this study were sodic in the subsoil, variation in sodicity in landscapes of the South 
coast region of Western Australia may need to be examined to explain differences in 
PP transport from clay soils. Levels of sodicity are likely to vary across catchments, 
even for profiles with similar texture. Hence understanding the levels and variation 
in sodicity in catchment soils would be important in understanding P mobilization 
from soils to streams in CSAs. 
 
Accepted concepts of P losses from agricultural soil have been that major P 
losses occur in runoff relative to leaching and throughflow (Sharpley et al., 2000) but 
the present study suggested lower P load in runoff (Table 7.2 and 7.3) compared to 




7.3) in the subsurface lateral flow at the interface of sand and clay and turbid colour 
of throughflow is evidence of P transport due to internal erosion through macropores 
in the clay and duplex soil in association with clay particles or other P sorbing soil 
colloids. Similar evidence was found by McKergow et al. (2006) who reported larger 
PP losses via throughflow compared to runoff in the Albany region of WA. Lateral 
thoughflow pathways dominate in some parts of the landscape due to texture contrast 
between A and B-horizons and due to subsoil sodicity. The western sector of the 
upper Fitzgerald River catchment in the present study had the greatest prevalence of 
clay texture soils and moderate slopes suggesting that this landscape would be most 
prone to throughflow PP losses.  
 
Sand  soil,  which  mostly  predominates  in  the  eastern  sector  of  the  upper 
Fitzgerald River catchment, was already at the threshold P values (23 mg/kg) above 
which P leaching losses would be exacerbated by further application of P fertilizer. 
The depth-wise increase in the bicarbonate extractable P in sand soils sampled in the 
eastern sector of the catchment was evidence of P leaching in these soils and has also 
been reported in other studies (King et al., 1990; Kingery et al., 1994). Similarly 
there was evidence in the column study of greater P transport in leachate on the sand 
soils  at  40  kg  P/ha  and  greater  accumulation  of  subsoil  Colwell-extractable  P. 
However, P leaching losses mostly occurred in coarse textured soil in DOP form 
rather than DRP form as suggested by higher DOP concentration at 20 cm depth in 
sand and significant relationship of DOP and SOC (P < 0.05, Appendix 7.16 and 
7.17) in the leachate. Moreover, more P leached in DOP compared to DRP after 





There is previous evidence of enhanced downward P mobility in the form of 
DOP in the soils (Eghball et al., 1996; Chardon et al., 1997). Change in color of soil 
solution  from  yellow  to  dark  brown  with  leaching  events  in  the  intact-column 
leaching study (Chapter 6) suggests the increased solubilization of OM (associated in 
the clay soil with higher pH values), and the risk of P losses in DOP forms which 
could move to a greater depth compared to DRP due to reduced interaction with soil 
colloids  (Hannapel  et  al.,  1964;  Chardon  et  al.,  1997;  Toor  et  al.,  2003).  The 
significant movement of P in leachate of loam and clay soils in the column study can 
be attributed substantially to the movement of DOP. However, the main limitation in 
the present study was the estimation of DOP concentration by subtraction of DRP 
from TDP, which generally overestimates OP concentration in runoff, throughflow 
and  leachate.  The  runoff,  throughflow  and  leachate  were  dominated  by  eroded 
particles  of  clay  and  colloidal  organic  materials.  Further  it  fails  to  differentiate 
between  the  orthophosphate  attached  to  small  particles  (<  0.45  μm)  and 
orthophosphate in true solution (Tarapchak, 1983; Baldwin, 1998; Denison et al., 
1998).  However,  the  soil  solution  collected  though  0.1  m  pores  in  the  Rhizon 
samplers had a similar dominance of DOP to the < 0.45 m filtered samples. This 
reduces the likelihood that the so-called DOP fraction was mostly P associated with 
PP in the 0.1 to 0.45 m size fraction. Many organic-P and condensed-P compounds 
may be hydrolysed in the low-pH conditions (Tarapchak, 1983). Ion exchange resins 
may be used to separate inorganic orthophosphate in natural waters from colloidal 
and organically bound P (Westland and Boisclair, 1974) since adsorption to the ion 
exchange resin is not accompanied by major changes in solution chemistry (e.g. pH). 




some condensed forms of P (Ron Vaz et al., 1993). It may associate with quartz, 
mica, kaolinite and chlorite minerals which are potential inorganic carriers for DRP. 
 
The  particulate  content  of  DOP  in  soil  solution  collected  through  Rhizon 
samplers (< 0.1 m) might provide important insights for P mobility since this more 
effectively  excluded  PP  than  in  the  <  0.45  m  filtrate  used  for  run-off  and 
throughflow samples. The DOP in soil solution (< 0.1 m) might be associated with 
fine  colloidal  compound  such  as  silicates,  metallic  hydroxides,  humic  acids, 
polysaccharides, fulvic acids and proteins. If so, then most, but not all of the DOP 
fraction would be organically bound. However, this requires verification. Beckett 
and Chittleborough (1994) found fine material dominated in soil leachate (1- 0.08 
m), and described the main transport compounds as colloidal organic-P complexes, 
moving mainly by preferential flow in macropores. They also noted the importance 
of dissolved organic matter and clay particles  in the transport of P through soil. 
Hannapel  et  al.  (1964)  suggested  that  OP  was  attached  to  microorganisms  when 
transported through the soil profile. Toor et al (2003) reported that 85-88 % of TP 
was present as OP forms and that this dissolved unreactive P (TDP-DRP) consisted 
of monoester and diester compounds. The monoesters comprised labile monoester-P 
and inositol hexa-P. Buffle et al. (1978) used ultrafiltration separation of organic 
complexes  and  described  four  categories  of  complexes  and  absorbing  agents  in 
natural  waters:  finest  fraction  which  comprised  dissolved  ligands  including  free 
orthophosphate; dissolved compounds (200–10,000 MW) such as fulvic acids and 
polyhydroxyl complexes of metal (e.g. Fe
3+) and polysilicates; colloidal compounds 
(10
4-10
6 MW) both inorganic (silicate and metallic hydroxides) and organic (humic 





The composition  of the unreactive P in  soil solution  is  complex. The so-
called DOP fraction cannot be attributed solely to organically bound P compounds. 
Only about 14 % of it was actually DOP in the studies of Haygarth et al. (1997) and 
another  71  %  was  organic  P  bound  to  colloidal  and  fine  suspended  particles  of 
silicates  and  oxyhydroxides  of  Fe  and  Al.    Further  investigations  are  needed  to 
determine the true composition of this fraction in soils of the present study area since 
this  understanding  will  be  needed  to  predict  the  mobility  of  the  DOP  and  its 
availability  for  biological  uptake  and  turnover  as  well  as  sorption  on  reactive 
surfaces in soils.  
 
Losses of DOP and PP via throughflow and leaching from agricultural land of 
the upper Fitzgerald River catchment have been implicated as major pathways for P 
loss rather than runoff. However, to more fully understand P export behaviour from 
the upper Fitzgerald River catchment, it is necessary to understand the mechanisms 
and rates of hydrologic flows and how major P pools vary spatially and temporally in 
the landscape. 
8.4. Risk of P losses in the catchment 
 
  Assessing risks of P losses from catchments is not straightforward because 
they depend critically on the specific connection of P source and transport processes, 
which  vary  both  temporally  and  spatially  within  the  catchment.  The  fertilization 
history data of the catchment showed higher P input in the western sector (15 kg 
P/ha/yr) of the catchment compared to eastern sector (13 kg P/ha/yr), which was also 
cleared 10 years earlier than the eastern sector. While the greater P addition suggests 
increased risk of P losses from the western sector compared to the eastern sector the 




method of fertilizer application in the catchment. Changes in land management in the 
catchment may enhance the potential for P export. A greater proportion of land sown 
to annual pastures that are topdressessed with P might enhance P loss risks via soil 
runoff  or  throughflow,  and  may  through  the  P-enrichment  of  surface  soil  also 
exacerbate losses of PP by erosion (Heathwaite et al., 2000).  
 
The rainfall pattern and hill slope hydrology are also important factors, which 
define the mechanism of P losses (either in runoff, through flow or leaching) from 
agricultural  land.  The  predominance  of  clay  to  loam  soil  in  the  western  sector 
compared  to  sand  soils  in  eastern  sector  may  result  in  increased  runoff  and 
throughflow P loss risks in the western region whereas leaching losses were more 
likely in the eastern sector of the catchment. Therefore, on clay to loam soils in the 
western sector, the antecedent moisture status in winter determines the contact time 
between  new  water  and  soil,  and  the  frequency  with  which  the  hydrological 
pathways operate. The other factors which are predicted to enhance P losses from the 
catchment are high P rate and broadcast P application in relation to land use type 
(pasture and zero tilled crops). 
 
The box and runoff plot study provided data on P losses related to specific 
soil types and agronomic practices. The results of the box study showed DOP and PP 
as major P loss forms via throughflow in clay soil due to increased impermeability of 
subsoil, which forced more water to pass laterally through the profile. On the other 
hand,  the  field  simulation  study  suggests  more  P  losses  under  broadcast  P 
applications  compared  to  drilled  application.  Both  studies  cannot  provide  direct 
information on the fate of exported P beyond their individual boundaries but they 




for P loss risks from CSA. These two pieces of information are essential to assess P 
export behavior at larger scales in the catchment. Hence, to understand P export 
behavior from the catchment, it is crucial to understand how hydrologic conditions 
and  major  P  pools  vary  both  spatially  and  temporally,  as  well  as  the  relations 
between  relevant  chemical  and  physical  mobilization  processes  and  the  physical 
transport processes. The main weakness of the present study uncertainty about the 
location and characteristics of the CSA in the catchment due to unavailability of a 
calibrated hydrological model for the catchment. A more sophisticated model of the 
fate and export of P from agricultural land to streams needs to identify CSAs in the 
landscape where P losses are most significant. 
8.5. Limitation of this investigation and suggestions for 
future research 
 
The present study addressed some aspects of the risk of P losses in relation to 
soil properties and processes of P transport from agricultural land in soils of the 
South coast region of Western Australia but further investigations are needed. The 
study was limited by the relatively small number of samples taken to represent the 
104,000 ha land area. Greater sampling intensity would better spatially define the P 
source areas in the catchment. However, there is a practical limit to the amount of 
soil sampling that can be undertaken to assess P risk, and secondly the low sampling 
intensity predicted reasonably well the broad pattern of soil P distribution in the 
catchment, if not the fine detail. Hence, low intensity sampling may be sufficient 
when examining other catchments along the south coast of WA for the location of P 
source areas.  
 
The field run-off studies were hampered by the two years of below average 




relative importance of run-off, throughflow and leachate P losses, it is not a complete 
substitute for data on P losses in the rainy season. Depending on when run-off occurs 
in the winter season, the presence of a live vegetation cover and root systems would 
affect volumes of run-off, throughflow and leachate, and the water quality generated 
by each process. Moreover, the antecedent soil moisture levels during winter would 
have profound effects on the amount of run-off generated from rainfall events. late 
autumn and early winter also tends to be the time when P fertilizer is applied to 
crops, whereas topdressings of P fertilizers on pastures occurs in late summers before 
the early season rains. 
 
This study did not directly examine the rates and processes of P transport (i.e. 
hydrological processes and connectivity to P source areas) on field slopes and link 
this  directly  to  water  quality  measurements.  There  is  a  need  to  classify  “P 
mobilization  processes  in  terms  of  geomorphologic,  hydrological,  pedologic,  soil 
chemical  and  land  use  criteria  in  the  context  of  space  and  time  (Haygarth  and 
Sharpley, 2000). By classifying P processes in this manner, we can quantify detailed 
flow processes and chemical reactions, and overall catchment response where the 
catchment is viewed as an integration of soil profiles, hill slopes and chemical mass 
balance  to  determine  consequences  of  land  use  for  catchment  scale  land 
management”. Further research needs to identify the importance of field or landscape 
position relative to stream channel in determining catchment loss of P via variable 
source  area  hydrology  and  transport  pathways.  There  is  also  a  need  to  develop 
integrated catchment  and water body response models  to  define agricultural  land 





The concentrations of P in runoff and throughflow from cropping land of the 
catchment were well above desirable limits (> 0.05 mg P/l), despite the relatively 
low levels of Colwell extractable P across the catchment. High P in surface flow and 
throughflow, together with the high P concentrations  measured in  stream  run-off 
stations in the catchment (M. Wong, personal communication), indicates a need to 
develop strategies to reduce P losses for sustainable agricultural land use in the upper 
Fitzgerald  River  catchment.  Research  reported  in  this  thesis  has  demonstrated  a 
substantial  component  of  P  was  in  the  form  of  DOP  and  PP  in  runoff  and 
throughflow in low P status soils, but it may vary with respect to soils. The mobility 
of P at the interface of clay and sandy horizons is a major finding of this research, 
which  relates  to  the  patterns  of  rainfall  and  perched  water  in  sodic  duplex  soil 
profiles  generating  lateral  flux  of  P.  This  would  have  important  implications  for 
sodic soils in WA, which cover 24 % of wheat belt landscapes (Cochrane et al., 
1995). Further research is needed to evaluate these processes in a landscape context, 
including  the  role  of  landscape  hydrological  processes,  soil  types  and  P 
mobilization/immobilization. 
 
Agronomic decisions related to P fertilization based on field-scale soil testing 
and soil and water conservation management practices should be designed to prevent 
P loss, primarily by leaching and or through flow depending on soil type. Farmers 
should  be  encouraged  to  restrict  broadcast  application  of  organic  P  sources  and 
fertilizer  P  or  to  implement  best  management  practices  (BMP)  that  control  P 
transport, based on proven measures of reducing P losses (e.g. soil test P, soil P 
threshold, a farm gate nutrient balance). Other alternatives to reduce P export from 
agricultural land of the upper Fitzgerald River catchment to streams could include 




trap sediments to control PP transport and to promote infiltration of runoff water and 
attenuate soluble contaminants in runoff. Plant uptake in buffers may also helpful to 
sequester discharged P forms. The effectiveness of these measures for removal of 
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Appendix 2.1. Questionnaire for collection of fertilization history of Fitzgerald 
River catchment  
 
     GENERAL INFORMATION 
 
FARMER NAME:   …………………………………… 
 
POSTAL ADDRESS:   …………………………………….. 
                                                                  
NAME OF FARM:  ………………………………………….., 
 
CONTACT (Ph):   ………………………………………. 
 
GPS CO-ORDINATE OF THE FARM HOUSE: …… 
 
FARM SIZE:  …………………………………………… 
 
WHAT IS THE SLOPE ACROSS THE FARM 
 
    Slope (%)  % of Farm 
1  Flat  < 2% 
 
2  Very gently sloping  2-5 % 
 
3  Gentle  5-10 % 
 
4  Moderate  10-30 % 
 
5  Steep slope  >30 % 
 
 
RAINFALL (mm) :  ………………………………………. 
 
DURATION OF RECORDS (Years):  ……………………….. 
 
   FERTILIZATION HISTORY  
 
YEAR WHEN THE PROPERTY WAS CLEARED:   
 
a)                  b)                            c)                          d) 
 
AREA (ha): 
   
  CLEARED AREA:   ……………… 
 
  FARMED AREA:   ………………… 
 
 FERTILIZER PRACTICES: 
 
  BROADCAST:   
          1. Pasture                    2. Cereals                         3. Legume crop 
  DRILL:                






LAND USE AND MANAGEMENT  YEAR  AVERAGE YIELD (t/ha) 
Cereals (%)  Legume crop (%)  Pasture (%)    Cereals   Legume  crop  Pasture  
      1971-80       
      1981-1990       
      1991-2000       
      2001-2002       
      2003-2004       
      2004-2006       
      2007       
 
 
LAND USE AND MANAGEMENT  YEAR  AVERAGE YIELD (t/ha) 
Cereals (%)  Legume crop (%)  Pasture (%) 
 
Cereals   Legume  crop  Pasture  
      1971-80       
      1981-1990       
      1991-2000       
      2001-2002       
      2003-2004       
      2004-2006       










YEAR  FERTILIZER TYPE  AVERAGE AMOUNT APPLIED (kg /ha) 
Nitrogenous fertiliser   Phosphatic fertiliser  Nitrogenous fertiliser  Phosphatic fertiliser 
1  1972-80  Cereals  Past.  Leg. (crop)  Cereals  Past.  Leg. 
(Crop) 
Cereals  Past.  Leg. 
(Crop) 
Cereals  Past.  Leg. 
(Crop) 
                       
2  1980-90 
                       
3  1990-2000 
                       
4  2000-02 
                       
5  2002-04 
                       
6  2004-06 
                       
7  2007 







1. Is flood a major problem in the catchment (run-off or rainfall excess) 
 
2. Is the soil prone to wind erosion?  Give details 
  
     If YES under what conditions and in what part of the farm 
 
3. Over previous years how often have you seen evidence of wind erosion? 
 
0 out of 
5 years 
1 out of 5 
years 
2 out of 5 
years 
3 out of 5 
years 
4 out of 5 
years 
5 out of 
5 years 
 
 4. Does the runoff from rainfall carry away the soil? Where and where to? How      
often? 
   ………………………………………………………………………. 
  5. How often does water stand in the field? 
 
Never  After heavy, long rain  After average 
rain 
After heavy, short rain 
       
 
   6. When soil dries after being wet 
a)  Does it set hard with large cracks appearing 
b)  Doest it set hard with small cracks appearing 
c)  Does it set hard with no cracks appearing 
d)  Does the soil remain friable 
  7. Under wet conditions does soil 
a)  Drain freely 
b) Hold water in the profile which is subsequently used by 
the crop 
  8. How abundant are surface stones and gravel in the soil surface? 
 
1  2  3  4 
scarce  common  many  abundant 
<10 %  10-20 %  20-50 %  >50 % 
 
  9. How often do you conduct soil testing on the property? 
a)  Every year 
b)  Every 2-3 year 
c)  Every 4-6 year 
d)  Never 
 
 Date  N (mg/kg)  P (mg/kg)  K (mg/kg)  Others 
         
         









Level of P (mg/kg) 
 
High P (> 30 
mg/kg) 
 
Medium P (15-30 
mg/kg) 
Low P (<15 mg/kg) 
High Risk  High P risk areas 
(1) 
Moderate P risk areas 
(2) 
Potential P risk 
areas (3) 
Low Risk  Low P risk areas 
(4) 
Low P risk areas 
 (4) 




Appendix  2.3.  Colwell-P  content  of  agricultural  and  bush  land  in  the  eastern  and 
























No. of samples 







































Appendix 2.4. Analysis of variance for distribution of Colwell-P and organic carbon in 
the catchment over time period. 
 
Dependent: Colwell-P (mg/kg) 
 
Source   DF        SS        MS       F        P 
YEAR      3      1459       486    6.62   0.0006 
Error    57      4188        73 
Total    60      5647 
Grand Mean 16.1    CV 53.3 
 
 
Dependent: Organic Carbon (OC, %) 
 
Source   DF        SS        MS       F        P 
YEAR      3        2       0.99     3.65    0.02 
Error    57       15       0.27 
Total    60       18 
Grand Mean 1.61    CV 32.3 
   









Appendix 3.1. Percent of total P in each fraction in soils from HP, MP and LP areas of 
the upper Fitzgerald River catchment in surface (0-10 cm) and subsurface (10-30 cm) 
layers. Values in parenthese are standard error of mean 
 










Total  labile  P 
(resin-P+  NaOH-
Pi) (%) 









































































Note: HP – high P areas; MP – medium P areas; LP – low P areas; Pi – inorganic P; Po- organic P. 




Appendix 3.2. Analysis of Variance for different P pools with respect to depth (surface 
0-10 cm and subsurface 10-30 cm) and soil types (sand, loam and loamy sand). 
 
Dependent: Total-P (mg/kg) 
 
Source   DF        SS          MS         F        P 
SOIL      2      9976        4988 
DEPTH     1     21565       21565      17.5    0.0001 
Error    52     63980        1230 
Total    55 
Grand Mean 54.2    CV 64.7  
 
Dependent: Resin-P (mg/kg) 
 
Source   DF        SS        MS         F          P 
SOIL      2       104        52 
DEPTH     1       209       209      14.6     0.0004 
Error    52       745        14 
Total    55 
Grand Mean 3.83    CV 98.9  
 
Dependent: NaOH-Pi (mg/kg) 
  
Source   DF        SS          MS           F        P 
SOIL      2       881         440 
DEPTH     1       505         505        1.98     0.16 
Error    52     13289         255 
Total    55 
Grand Mean 10.6    CV 150 
 
Dependent: NaOH-Po (mg/kg) 
 
Source   DF         SS         MS        F        P 
SOIL      2        560        280 
DEPTH     1       2.44       2.43     0.02     0.89 
Error    52       7479        143 
Total    55 
Grand Mean 13.3    CV 89.9 
 
Dependent: Residual-P (mg/kg) 
 
Source   DF        SS        MS         F        P 
SOIL      2       2165     1082 
DEPTH     1      12571    12571      21.8   0.0000 
Error    52      29992      576 
Total    55 
Grand Mean 26.1    CV 91.9 
 
Dependent: H2SO4 –P (mg/kg) 
 
Source   DF         SS        MS         F        P 
SOIL      2       0.11      0.05 
DEPTH     1       0.00      0.00      0.01     0.93 
Error    52       2.66      0.05 
Total    55 
Grand Mean 0.11; CV 207.51; Relative Efficiency, RCB 1.06 





Appendix 4.1. Phosphorus sorption parameters (range and median) for surface (0-10 

































  Surface  Subsurface 
  Range  Median  Range  Median 
Smax (mg/kg)  1111-3333  2000  1010-2917  1916 
b (ml g
-1 P)  0.01-0.63  0.02  0.01-0.89  0.04 
Freundlich log k coefficient (mg/kg)  0.64-1.35  0.97  0.46-1.27  0.90 
Freundlich coefficient n  0.74-1.93  1.33  0.86-2.23  1.49 
MBC (mg/kg)  0-1250  43.00  76-1488  70.00 
Degree of P Saturation (%)  0-31.00  1.10  0-13.0  1.30 
PSC (mg/kg)  80-1800  395  83-1675  493 
EPC (mg/l)  0-2.20  0.50  0.02-3.35  0.22 
Langmuir (R
2)  0.06-0.47  0.24  0.13-0.53  0.31 
Freundlich (R
2)  0.37-1.00  0.98  0.19-0.99  0.83 
 
 
Note:  Smax  –  sorption  maxima;  b  -  Langmuir  coefficient;  MBC  –  maximum  buffer  capacity;  PSC  –
Phosphorus sorption capacity; EPC – equilibrium phosphorus concentration; R





Appendix  4.2. Adsorption curves  for surface (0-10 cm) and subsurface (20-30 cm) 
loamy  sand,  loam  and  sand  for  equilibrium  P  concentration  <  10  mg/l.  C  is  the 
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Appendix 5.1. Average values of soil properties by depth at upper, mid 1, mid 2, down slope and stream bed slope positions along toposequences in 

























  0-1  22.9  5.80  80.0  6.30  57.0  5.70  0.55  0.15  0.03  0.00  6.24  0.19  4.45  2.50 
 1-2  18.1  2.14  76.3  6.30  58.1  4.40  0.63  0.17  0.02  0.01  5.88  0.16  2.52  0.56 
 2-5  13.8  1.53  61.3  5.20  47.4  3.90  0.35  0.10  0.02  0.00  5.42  0.09  1.88  0.34 
    5-10  9.22  1.22  46.3  4.20  37.0  3.20  0.17  0.06  0.02  0.00  5.52  0.10  1.38  0.34 




  0-1  17.0  2.30  76.3  7.10  59.2  4.90  0.59  0.13  0.03  0.00  6.18  0.17  1.68  0.25 
 1-2  16.3  2.49  67.5  7.20  51.1  4.80  0.64  0.15  0.02  0.00  5.77  0.14  2.80  1.40 
 2-5  12.2  1.96  55.0  6.30  42.8  4.40  0.33  0.09  0.02  0.00  5.25  0.11  2.99  1.01 
   5-10  6.97  1.01  37.5  5.30  30.5  4.40  0.14  0.04  0.02  0.00  5.50  0.11  1.11  0.31 





  0-1  12.5  1.08  62.5  3.70  49.9  2.70  0.68  0.14  0.04  0.01  6.14  0.16  2.13  0.29 
 1-2  10.2  1.15  53.8  4.20  43.6  3.20  0.60  0.14  0.03  0.00  5.90  0.19  1.77  0.17 
 2-5  8.64  1.35  48.8  4.40  40.1  3.40  0.39  0.11  0.02  0.00  5.56  0.14  1.73  0.13 



































  0-1  13.1  1.88  67.5  8.20  54.4  6.40  0.90  0.19  0.09  0.01  5.96  0.11  4.75  1.50 
 1-2  7.14  1.06  42.5  4.50  35.4  3.60  0.53  0.15  0.07  0.02  5.89  0.11  5.37  2.73 
 2-5  4.37  0.95  32.5  3.70  28.1  2.80  0.21  0.06  0.04  0.01  5.84  0.12  2.91  1.30 



































  0-1  8.07  2.77  60.0  10.50  51.9  8.60  0.35  0.17  0.13  0.02  5.92  0.18  6.29  1.77 
 1-2  5.38  1.83  34.3  6.10  28.9  4.50  0.15  0.07  0.11  0.02  5.92  0.21  5.52  1.79 
 2-5  1.62  0.44  22.9  1.80  21.2  1.90  0.05  0.02  0.08  0.02  6.03  0.22  4.81  1.82 






























   




Appendix  5.2.  Analysis  of  variance  (three  way)  of  toposequence  stratified 
distribution  of  P  forms  with  respect  to  slope  positions,  sites  and  depth  in  the 
catchment. 
 
Dependent: pH (H2O)  
 
Source           DF        SS        MS        F        P 
DEPTH             3      2.48      0.83     19.3      0.00 
POSITION          4      0.62      0.15     3.60      0.01 
SITE              4      1.99      0.49     11.6      0.00 
DEPTH*POSITION   12      4.12      0.34     8.02      0.00 
DEPTH*SITE       12      1.35      0.11     2.63      0.01 
POSITION*SITE    16      8.76      0.55     12.8      0.00 
Error            48      2.06      0.04 
Total            99      21.4 
Grand Mean 5.98    CV 3.46 
 
Dependent: EC (mS/cm) 
 
Source           DF        SS         MS       F        P 
DEPTH             3       115       38.3     3.81    0.02 
POSITION          4       989        247     24.6    0.00 
SITE              4      76.8       19.2     1.91    0.12 
DEPTH*POSITION   12       133       11.1     1.10    0.38 
DEPTH*SITE       12       162       13.5     1.35    0.23 
POSITION*SITE    16       299       18.7     1.86    0.05 
Error            48       482       10.0 
Total            99      2257 
Grand Mean 3.91    CV 80.8 
 
Dependent: CaCl2-P (mg/kg) 
 
Source           DF        SS        MS        F         P 
DEPTH             3       298      99.4     38.3      0.00 
POSITION          4       134      33.5     12.9      0.00 
SITE              4       209      52.5     20.2      0.00 
DEPTH*POSITION   12        87      7.27     2.80      0.01 
DEPTH*SITE       12        63      5.29     2.04      0.04 
POSITION*SITE    16       182      11.4     4.38      0.00 
Error            48       124      2.59 
Total            99      1099 
Grand Mean 3.04    CV 52.8 
 
Dependent: Colwell-Pi (mg/kg) 
 
Source           DF        SS        MS        F        P 
DEPTH             3      1402       467     21.9    0.00 
POSITION          4      2036       509     23.8    0.00 
SITE              4       181      45.1     2.11    0.09 
DEPTH*POSITION   12       319      26.5     1.24    0.28 
DEPTH*SITE       12       412      34.3     1.60    0.12 
POSITION*SITE    16      1064      66.5     3.11    0.00 
Error            48      1027      21.4 
Total            99      6441 







Dependent: Colwell-Po (mg/kg) 
 
Source           DF        SS        MS       F        P 
DEPTH             3    8589.3   2863.08   31.10   0.0000 
POSITION          4    5561.2   1390.29   15.10   0.0000 
SITE              4     875.7    218.91    2.38   0.0648 
DEPTH*POSITION   12    2323.4    193.62    2.10   0.0346 
DEPTH*SITE       12     761.3     63.44    0.69   0.7534 
POSITION*SITE    16    4656.6    291.04    3.16   0.0010 
Error            48    4418.7     92.06 
Total            99   27186.0 
Grand Mean 41.2   CV 23.2 
 
Dependent: Colwell-Pt (mg/kg) 
 
Source           DF         SS       MS        F         P 
DEPTH             3      16931     5644     50.1     0.00 
POSITION          4      14280     3570     31.7     0.00 
SITE              4        830      208     1.84     0.14 
DEPTH*POSITION   12       2544      212     1.88     0.06 
DEPTH*SITE       12       1394      116     1.03     0.44 
POSITION*SITE    16       8690      543     4.82     0.00 
Error            48       5406      113 
Total            99      50075 
Grand Mean 51.5    CV 20.6 
 
Dependent: Soluble organic carbon (SOC, %)  
 
Source           DF        SS        MS          F        P 
DEPTH             3     0.039     0.013       44.3     0.000 
POSITION          4     0.131     0.032       111      0.000 
SITE              4     0.006     0.001       5.53     0.001 
DEPTH*POSITION   12     0.022     0.002       6.46     0.000 
DEPTH*SITE       12     0.002     0.001       0.75     0.694 
POSITION*SITE    16     0.019     0.001       4.17     0.000 
Error            48     0.014     0.001 
Total            99     0.237 
Grand Mean 0.05    CV 33.4 




Appendix 6.1. Depth wise distribution of gravimetric water content (g/g) and pore 








Gravimetric water content 
 (g/g) 

































































0-5  0.08  0.07  0.06  0.05  49.1  2.96 
 5-10  0.07  0.06  0.04  0.04  40.5  2.72 







0-5  0.09  0.08  0.06  0.05  44.1  4.11 
 5-10  0.09  0.08  0.06  0.06  40.1  3.57 
 10-15   0.19  0.16  0.13  0.12  24.0  7.11 
 


















Appendix 6.2. Analysis of variance for pH, EC and P forms in soil solution during 
1
st leaching event at three depth (5, 10 and 15 cm), three soil types (sand, clay and 




Source           DF        SS        MS       F        P 
REPLICATI (A)     3      6.62      2.21 
SOIL (B)          2      43.4      21.7    14.3    0.005 
Error A*B         6      9.10      1.52 
TREATMENT (C)     2      6.66      3.33    0.65    0.536 
B*C               4      3.62      0.91    0.18    0.948 
Error A*B*C      18      92.9      5.16 
DEPTH (D)         2      2.19      1.09    0.46    0.633 
B*D               4      33.2      8.31    3.49    0.013 
C*D               4      1.56      0.39    0.16    0.956 
B*C*D             8      30.1      3.77    1.58    0.152 
Error A*B*C*D    54      129       2.38 
Total           107      358 
 
Grand Mean 4.46 
 
LSD (P < 0.05) 
 
SOIL     Sand           Clay          Loam  
        A (4.35)       B (5.27)        B(3.73) 
 
Dependent: EC (mS/cm) 
 
Source           DF        SS        MS        F         P 
REPLICATI (A)     3      1.35      0.45 
SOIL (B)          2      5.33      2.67     3.35     0.105 
Error A*B         6      4.78      0.79 
TREATMENT (C)     2      0.36      0.18     0.06     0.942 
B*C               4      5.55      1.38     0.45     0.769 
Error A*B*C      18      55.2      3.07 
DEPTH (D)         2      16.5      8.26     4.96     0.010 
B*D               4      26.3      6.58     3.96     0.007 
C*D               4      6.12      1.53     0.92     0.459 
B*C*D             8      5.99      0.75     0.45     0.885 
Error A*B*C*D    54      89.8      1.66 
Total           107      217 
Grand Mean 2.59 
   
LSD (P< 0.05) 
 
SOIL       Sand                  Clay               Loam  
          B (2.34)          A (2.88)          AB (2.54) 
 
DEPTH       5 cm                 10 cm             15 cm 
           A (3.10)             B (2.15)     AB (2.52) 











Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF        SS        MS       F        P 
REPLICATI (A)     3       38.1     12.7 
SOIL (B)          2       23.1     11.5     0.58     0.590 
Error A*B         6       120      20.0 
TREATMENT (C)     2       402      201      25.6     0.000 
B*C               4       26.6     6.65     0.85     0.514 
Error A*B*C      18       142      7.87 
DEPTH (D)         2       479      239      46.9     0.000 
B*D               4       18.2     4.55     0.89     0.475 
C*D               4       139      34.8     6.82     0.000 
B*C*D             8       24.4     3.05     0.60     0.775 
Error A*B*C*D    54       276      5.10 
Total           107       1688 
Grand Mean 3.06 
 
LSD (P < 0.05) 
 
TREATMENT      Control         20 kg P/ha           40 kg P/ha    
              B (1.08)  B (2.41)  A (5.67) 
 
DEPTH            5 cm              10 cm              15 cm 
                A (5.95)          B (2.21)            C (1.00) 
 
           
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF        SS        MS         F         P 
REPLICATIION (A) 3        179      59.9 
SOIL (B)         2        800       400      6.45     0.032 
Error A*B        6        372      62.0 
TREATMENT (C)    2       1581       791      16.9     0.000 
B*C              4        470       118      2.52     0.076 
Error A*B*C     18        837      46.6 
DEPTH (D)        2       2446      1223      26.2     0.000 
B*D              4        682       171      3.65     0.010 
C*D              4       1537       384      8.24     0.000 
B*C*D            8        273      34.1      0.73     0.663 
Error A*B*C*D   54       2519      46.7 
Total          107      11699 
Grand Mean 4.79 
 
LSD (P< 0.05) 
 
SOIL         Sand             Clay          Loam  
            A (8.59)         B (3.41)      B (2.36) 
 
TREATMENT   Control         20 kg P/ha            40 kg P/ha  
            A (9.96)        B (3.58)                B (0.83) 
 
DEPTH         5 cm               10 cm         15 cm 











Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF        SS        MS          F         P 
REPLICATI (A)     3       328       109 
SOIL (B)          2      1156       578       3.96     0.080 
Error A*B         6       876       146 
TREATMENT (C)     2      3583      1792       23.9     0.000 
B*C               4       707       177       2.36     0.092 
Error A*B*C      18      1348      74.9 
DEPTH (D)         2      5257      2629       37.4     0.000 
B*D               4       768       192       2.73     0.038 
C*D               4      2537       634       9.02     0.000 
B*C*D             8       330      41.3       0.59     0.784 
Error A*B*C*D    54      3795      70.3 
Total           107     20684 
 
Grand Mean 7.69 
 
LSD (P < 0.05) 
 
SOIL          Sand           Clay          Loam 
             A (12.2)     AB (6.39)      B (4.49) 
 
TREATMENT   Control         20 kg P/ha            40 kg P/ha  
          B (1.72)       B (5.86)               A (15.5) 
 
DEPTH        5 cm            10 cm          15 cm 





Appendix 6.3. Analysis of variance for pH, EC and P forms in soil solution during 
2nd leaching event at three depth (5, 10 and 15 cm), three soil types (sand, clay and 




Source           DF          SS      MS        F         P 
REPLICATI (A)     3        1.19    0.39 
SOIL (B)          2        28.2    14.1     6.18     0.035 
Error A*B         6        13.7    2.28 
TREATMENT (C)     2        9.34    4.67     3.84     0.041 
B*C               4        4.09    1.02     0.84     0.517 
Error A*B*C      18        21.9    1.22 
DEPTH (D)         2        1.04    0.52     0.34     0.715 
B*D               4        28.4    7.11     4.62     0.002 
C*D               4        5.54    1.38     0.90     0.470 
B*C*D             8        11.8    1.48     0.96     0.476 
Error A*B*C*D    54        83.0    1.54 
Total           107         208 
Grand Mean 4.95 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
          B (4.69)        A (5.66)       B (4.49) 
 
Dependent: EC (mS/cm) 
 
Source           DF        SS        MS        F          P 
REPLICATI (A)     3       1.81     0.60 
SOIL (B)          2       8.11     4.05     8.40     0.018 
Error A*B         6       2.89     0.48 
TREATMENT (C)     2       0.22     0.11     0.15     0.861 
B*C               4       5.71     1.43     1.93     0.148 
Error A*B*C      18       13.3     0.73 
DEPTH (D)         2       20.4     10.2     16.0     0.000 
B*D               4       14.5     3.63     5.71     0.001 
C*D               4       2.53     0.63     0.99     0.418 
B*C*D             8       5.31     0.66     1.04     0.415 
Error A*B*C*D    54       34.3     0.64 
Total           107        108 
Grand Mean 1.89 
 
LSD (P < 0.05) 
   
SOIL         Sand           Clay          Loam 
     B (1.52)     A (2.00)    A (2.15) 
 
DEPTH        5 cm            10 cm          15 cm 











Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF           SS        MS         F        P 
REPLICATI (A)     3         2.05      0.68 
SOIL (B)          2         28.6      14.3      1.88    0.232 
Error A*B         6         45.6      7.59 
TREATMENT (C)     2          177      88.4      19.4    0.000 
B*C               4         34.9      8.72      1.92    0.151 
Error A*B*C      18         81.9      4.55 
DEPTH (D)         2          318       159      69.7    0.000 
B*D               4         25.3      6.32      2.77    0.036 
C*D               4          159      39.9      17.5    0.000 
B*C*D             8         26.0      3.25      1.42    0.207 
Error A*B*C*D    54          123      2.28 
Total           107         1022 
Grand Mean 1.67 
 
LSD (P < 0.05) 
     
TREATMENT     Control         20 kg P/ha             40 kg P/ha  
          B (0.39)         B (1.21)               A (3.42) 
 
DEPTH        5 cm            10 cm          15 cm 
            A (4.06)        B (0.83)       B (0.12) 
 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF        SS        MS        F        P 
REPLICATI (A)     3       224      74.8 
SOIL (B)          2       481       240     2.24    0.187 
Error A*B         6       645       107 
TREATMENT (C)     2       524       262     10.3    0.001 
B*C               4       154      38.5     1.51    0.242 
Error A*B*C      18       459      25.6 
DEPTH (D)         2      1446       723     36.4    0.000 
B*D               4       161      40.3     2.03    0.103 
C*D               4       239      59.6     3.00    0.026 
B*C*D             8       157      19.6     0.99    0.457 
Error A*B*C*D    54      1072      19.8 
Total           107      5563 
Grand Mean 4.81 
 
LSD (P < 0.05) 
   
TREATMENT      Control         20 kg P/ha            40 kg P/ha  
           C (2.09)         B (4.86)              A (7.49) 
 
DEPTH           5 cm            10 cm          15 cm 












Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF        SS        MS         F         P 
REPLICATI (A)     3       255      85.0 
SOIL (B)          2       637       318      1.90     0.229 
Error A*B         6      1005       167 
TREATMENT (C)     2      1289       644      14.8     0.000 
B*C               4       265      66.2      1.52     0.237 
Error A*B*C      18       783      43.5 
DEPTH (D)         2      3079      1539      52.6     0.000 
B*D               4       239      59.6      2.04     0.102 
C*D               4       702       175      5.99     0.001 
B*C*D             8       179      22.4      0.77     0.633 
Error A*B*C*D    54      1581      29.3 
Total           107     10014 
Grand Mean 6.50 
 
LSD (P < 0.05) 
   
TREATMENT      Control         20 kg P/ha            40 kg P/ha  
           C (0.95)         B (6.08)              A (10.92) 
 
DEPTH          5 cm            10 cm          15 cm 





Appendix 6.4. Analysis of variance for pH, EC and P forms in soil solution during 
3
rd leaching event at three depth (5, 10 and 15 cm), three soil types (sand, clay and 




Source           DF        SS        MS        F        P 
REPLICATION (A)   3       5.16     1.72 
SOIL (B)          2       50.4     25.2     12.0    0.008 
Error A*B         6       12.6     2.09 
TREATMENT (C)     2       23.3     11.7     4.24    0.031 
B*C               4       7.62     1.90     0.69    0.606 
Error A*B*C      18       49.5     2.75 
DEPTH (D)         2       34.3     17.1     5.18    0.008 
B*D               4       40.6     10.1     3.07    0.024 
C*D               4       6.51     1.63     0.49    0.741 
B*C*D             8       36.6     4.57     1.38    0.224 
Error A*B*C*D    54        178     3.30 
Total           107        445 
Grand Mean 5.30 
 
LSD (P < 0.05) 
   
SOIL          Sand           Clay          Loam 
             B (4.88)        A (6.26) B    (4.75) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           A (5.94)        B (4.85)              B (5.11) 
 
DEPTH        5 cm            10 cm          15 cm 
              B (4.57)        AB (5.38)       A (5.94) 
 
 
Dependent: EC (mS/cm) 
 
Source           DF        SS        MS        F        P 
REPLICATI (A)     3      0.69      0.23 
SOIL (B)          2      9.75      4.87     74.6     0.000 
Error A*B         6      0.39      0.07 
TREATMENT (C)     2      0.17      0.08     0.22     0.805 
B*C               4      0.39      0.09     0.26     0.899 
Error A*B*C      18      6.82      0.38 
DEPTH (D)         2      3.88      1.94     17.0     0.000 
B*D               4      4.11      1.03     9.01     0.000 
C*D               4      0.56      0.14     1.22     0.312 
B*C*D             8      0.71      0.09     0.77     0.626 
Error A*B*C*D    54      6.16      0.11 
Total           107      33.6 
Grand Mean 0.59 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           B (0.17)        A (0.79)       A (0.83) 
 
DEPTH        5 cm            10 cm          15 cm 







Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF        SS         MS        F       P 
REPLICATION (A)   3       4.59      1.53 
SOIL (B)          2       1.39      0.69     0.23    0.800 
Error A*B         6       18.1      3.01 
TREATMENT (C)     2       72.2      36.1     12.6    0.000 
B*C               4       15.9      3.98     1.38    0.279 
Error A*B*C      18       51.8      2.88 
DEPTH (D)         2       47.5      23.8     11.1    0.000 
B*D               4       53.8      13.5     6.31    0.000 
C*D               4       3.41      0.85     0.40    0.808 
B*C*D             8       20.3      2.54     1.19    0.321 
Error A*B*C*D    54        115      2.13 
Total           107        404 
Grand Mean 1.63 
 
LSD (P < 0.05) 
    
SOIL           Sand           Clay          Loam 
             A (4.31)        AB (3.67)     B (1.89) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.82)        B (1.35)           A (2.75) 
 
DEPTH        5 cm            10 cm          15 cm 
            A (2.54)        B (1.43)       B (0.95) 
 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF         SS        MS        F        P 
REPLICATION (A)   3       56.3      18.8 
SOIL (B)          2        113      56.5     5.74    0.040 
Error A*B         6       59.1      9.84 
TREATMENT (C)     2       99.4      49.7     8.35    0.002 
B*C               4       52.8      13.2     2.22    0.107 
Error A*B*C      18        107      5.95 
DEPTH (D)         2        287       143     37.8    0.000 
B*D               4        129      32.3     8.52    0.000 
C*D               4       12.2      3.05     0.80    0.527 
B*C*D             8       28.0      3.50     0.92    0.504 
Error A*B*C*D    54        204      3.78 
Total           107       1148 
Grand Mean 3.29 
   
LSD (P < 0.05) 
    
TREATMENT     Control         20 kg P/ha           40 kg P/ha  
            B (2.24)         B (3.06)            A (4.56) 
 
DEPTH        5 cm            10 cm          15 cm 










Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF         SS       MS        F        P 
REPLICATION (A)   3       31.7     10.6 
SOIL (B)          2        151     75.5     3.50     0.098 
Error A*B         6        129     21.6 
TREATMENT (C)     2        343      171     10.4     0.001 
B*C               4        126     31.5     1.91     0.152 
Error A*B*C      18        297     16.5 
DEPTH (D)         2        524      262     26.4     0.000 
B*D               4        343     85.7     8.63     0.000 
C*D               4       28.8     7.19     0.72     0.579 
B*C*D             8        108     13.5     1.36     0.235 
Error A*B*C*D    54        536     9.93 
Total           107       2618 
Grand Mean 4.86 
 
LSD (P < 0.05) 
 
SOIL          Sand            Clay          Loam 
             A (5.99)        AB (5.34)     B (3.22) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (2.96)         B (4.37)           A (7.24) 
 
DEPTH          5 cm            10 cm          15 cm 








Appendix 6.5. Analysis of variance for pH, EC and P forms in soil solution during 
4
th leaching event at three depth (5, 10 and 15 cm), three soil types (sand, clay and 




Source           DF        SS         MS       F        P 
REPLICATION (A)   3      10.7       3.57 
SOIL (B)          2      15.1       7.56    5.92    0.038 
Error A*B         6      7.67       1.28 
TREATMENT (C)     2      0.77       0.38    0.26    0.774 
B*C               4      3.30       0.83    0.56    0.696 
Error A*B*C      18      26.7       1.48 
DEPTH (D)         2      11.6       5.80    4.92    0.010 
B*D               4      2.51       0.63    0.53    0.713 
C*D               4      2.61       0.65    0.55    0.697 
B*C*D             8      8.26       1.03    0.87    0.543 
Error A*B*C*D    54      63.8       1.18 
Total           107       153 
Grand Mean 6.25 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           AB (6.14)        A (6.75)     B (5.86) 
 
 
DEPTH        5 cm            10 cm          15 cm 
            B (5.80)        A (6.41)       A (6.56) 
 
 
Dependent: EC (mS/cm) 
 
Source           DF        SS        MS        F          P 
REPLICATION (A)   3      0.15     0.051 
SOIL (B)          2      2.18     1.088     26.7      0.001 
Error A*B         6      0.24     0.040 
TREATMENT (C)     2      0.01     0.004     0.10      0.907 
B*C               4      0.01     0.003     0.07      0.989 
Error A*B*C      18      0.81     0.044 
DEPTH (D)         2      0.86     0.428     22.9      0.000 
B*D               4      1.04     0.260     13.9      0.000 
C*D               4      0.09     0.022     1.20      0.321 
B*C*D             8      0.06     0.007     0.39      0.919 
Error A*B*C*D    54      1.01     0.018 
Total           107      6.46 
Grand Mean 0.26 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           B (0.07)        A (0.41)     A (0.30) 
 
DEPTH        5 cm            10 cm          15 cm 







Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF        SS        MS        F        P 
REPLICATION (A)   3      3.67      1.22 
SOIL (B)          2      34.5      17.3     8.29    0.018 
Error A*B         6      12.5      2.08 
TREATMENT (C)     2      34.4      17.2     24.6    0.000 
B*C               4      10.8      2.69     3.86    0.019 
Error A*B*C      18      12.6      0.69 
DEPTH (D)         2      72.9      36.4     36.9    0.000 
B*D               4      42.9      10.7     10.9    0.000 
C*D               4      27.5      6.87     6.96    0.000 
B*C*D             8      19.4      2.43     2.46    0.023 
Error A*B*C*D    54      53.4      0.98 
Total           107       324 
Grand Mean 1.03 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           B (0.28)        A (1.19)     A (1.63) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.50)        B (0.78)           A (1.82) 
 
DEPTH        5 cm            10 cm          15 cm 
            A (2.16)        B (0.73)       C (0.21) 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF        SS        MS        F       P 
REPLICATI (A)     3      4.76      1.59 
SOIL (B)          2      12.9      6.43     3.44   0.101 
Error A*B         6      11.2      1.87 
TREATMENT (C)     2      28.8      14.4     13.6   0.000 
B*C               4      0.69      0.17     0.16   0.955 
Error A*B*C      18      19.1      1.06 
DEPTH (D)         2      58.4      29.2     39.9   0.000 
B*D               4      61.8      15.4     21.1   0.000 
C*D               4      2.67      0.67     0.91   0.462 
B*C*D             8      6.12      0.77     1.05   0.412 
Error A*B*C*D    54      39.5      0.73 
Total           107       245 
Grand Mean 1.69 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           AB (1.61)        A (2.15)     B (1.32) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (1.16)        B (1.52)           A (2.39) 
 
DEPTH        5 cm            10 cm          15 cm 








Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF        SS         MS        F        P 
REPLICATION (A)   3      2.28       0.76 
SOIL (B)          2      39.4       19.7     2.53    0.159 
Error A*B         6      46.7       7.79 
TREATMENT (C)     2       126       63.2     19.9    0.000 
B*C               4      7.26       1.82     0.57    0.684 
Error A*B*C      18      56.9       3.16 
DEPTH (D)         2       245        122     47.7    0.000 
B*D               4       178       44.6     17.4    0.000 
C*D               4      47.4       11.9     4.62    0.002 
B*C*D             8      44.3       5.54     2.16    0.045 
Error A*B*C*D    54       138       2.56 
Total           107       932 
Grand Mean 2.73 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (1.63)        B (2.35)           A (4.19) 
 
DEPTH        5 cm            10 cm          15 cm 






Appendix 6.6. Analysis of variance for pH, EC and P forms in leachate during four 
leaching event (1, 2, 7 and 20), three soil types (sand, clay and loam) and three P 




Source           DF        SS        MS       F        P 
REPLICATION (A)   3      13.5      4.50 
SOIL (B)          2      28.7      14.3    11.9    0.008 
Error A*B         6      7.19      1.19 
TREATMENT (C)     2      4.40      2.20    1.65    0.219 
B*C               4      3.23      0.81    0.60    0.664 
Error A*B*C      18      24.0      1.33 
EVENT (D)         3      31.2      10.4    4.39    0.006 
B*D               6      22.2      3.69    1.56    0.171 
C*D               6      16.6      2.76    1.17    0.334 
B*C*D            12      12.4      1.04    0.44    0.942 
Error A*B*C*D    68       160      2.36 
Total           130 
Grand Mean 6.36 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           C (5.69)        A (7.00)     B (6.39) 
 
EVENT       1            2           3            4 
         B (5.54)     A (6.75)    A (6.48)     A (6.68) 
 
Dependent: EC (mS/cm) 
 
Source           DF        SS        MS         F         P 
REPLICATION (A)     3      1.85      0.62 
SOIL (B)          2      3.25      1.62      4.01     0.078 
Error A*B         6      2.43      0.41 
TREATMENT (C)     2      1.62      0.81      1.73     0.206 
B*C               4      0.99      0.25      0.53     0.714 
Error A*B*C      18      8.43      0.47 
EVENT (D)         3      45.4      15.1      44.0     0.000 
B*D               6      17.7      2.95      8.59     0.000 
C*D               6      1.07      0.18      0.52     0.793 
B*C*D            12      2.73      0.23      0.66     0.780 
Error A*B*C*D    63      21.7      0.34 
Total           125 
Grand Mean 1.06 
 
LSD (P < 0.05) 
  
SOIL         Sand           Clay          Loam 
           A (1.31)        B (0.94)     B (0.96) 
 
EVENT       1            2           3            4 









Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF        SS        MS         F        P 
REPLICATION (A)   3      1.79      0.59 
SOIL (B)          2      30.0      15.0      7.93     0.020 
Error A*B         6      11.4      1.89 
TREATMENT (C)     2       126      63.1      39.1     0.000 
B*C               4      49.9      12.5      7.74     0.001 
Error A*B*C      18      29.0      1.61 
EVENT (D)         3      34.9      11.7      5.25     0.002 
B*D               6      24.5      4.08      1.84     0.106 
C*D               6      65.4      10.9      4.91     0.000 
B*C*D            12      35.1      2.93      1.32     0.231 
Error A*B*C*D    63       139      2.22 
Total           125 
Grand Mean 1.12 
 
LSD (P < 0.05) 
   
SOIL            Sand           Clay          Loam 
               A (1.63)        B (0.34)     A (1.39) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.22)        B (0.53)           A (2.62) 
 
EVENT           1            2           3            4 
            A (1.91)     A (1.47)    B (0.69)     B (0.42) 
 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF        SS        MS        F        P 
REPLICATION (A)   3       122      40.7 
SOIL (B)          2       565       282     6.61     0.030 
Error A*B         6       256      42.7 
TREATMENT (C)     2      1839       919     20.1     0.000 
B*C               4      1510       378     8.25     0.000 
Error A*B*C      18       824      45.8 
EVENT (D)         3      1261       420     13.6     0.000 
B*D               6       612       102     3.31     0.006 
C*D               6      1401       234     7.58     0.000 
B*C*D            12      1494       125     4.04     0.000 
Error A*B*C*D    61      1879      30.8 
Total           123 
Grand Mean 5.78 
 
LSD (P < 0.05) 
  
SOIL         Sand           Clay          Loam 
           A (8.98)        B (2.95)     B (5.42) 
 
Treatment    Control         20 kg P/ha           40 kg P/ha  
           C (1.60)        B (3.89)           A (11.86) 
 
EVENT         1            2           3            4 







Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF        SS        MS        F         P 
REPLICATION (A)   3       137      45.6 
SOIL (B)          2       852       426     8.85     0.016 
Error A*B         6       289      48.1 
TREATMENT (C)     2      2549      1275     21.8     0.000 
B*C               4      1898       474     8.11     0.000 
Error A*B*C      18      1053      58.5 
EVENT (D)         3      1624       541     11.2     0.000 
B*D               6       639       106     2.20     0.054 
C*D               6      1892       315     6.52     0.000 
B*C*D            12      1449       121     2.50     0.009 
Error A*B*C*D    62      2997      48.3 
Total           124 
Grand Mean 6.63 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           A (10.4)        B (2.93)     B (6.57) 
 
Treatment    Control         20 kg P/ha           40 kg P/ha  
           B (1.99)        B (4.12)           A (13.8) 
 
EVENT          1            2           3            4 
            A (12.2)      B (6.91)    BC (4.53)     C (1.86) 
 
 
Dependent: Leachate volume (L) 
 
Source           DF       SS        MS        F          P 
REPLICATION (A)   3     4507      1502 
SOIL (B)          2    56567     28283     9.00      0.015 
Error A*B         6    18846      3141 
TREATMENT (C)     2     5584      2792     1.24      0.312 
B*C               4      559       139     0.06      0.992 
Error A*B*C      18    40510      2250 
EVENT (D)         3    34939     11646     12.9      0.000 
B*D               6   112894     18815     20.8      0.000 
C*D               6     4538       756     0.84      0.544 
B*C*D            12    20269      1689     1.87      0.050 
Error A*B*C*D    81    73184       903 
Total           143   372399 
Grand Mean 103 
 
LSD (P < 0.05) 
 
SOIL         Sand           Clay          Loam 
           A (130)        B (83.6)     B (96.8) 
 
 
EVENT    1            2           3            4 







Appendix 6.7. Analysis of variance for CaCl2-P and Colwell-P at four depths (0-2.5, 
2.5-7.5, 7.5-17.5 and 17.5-20 cm), three P rates of application (0 kg P/ha, 20 kg P/ha 
and 40 kg P/ha) and three soil types (sand, clay and loam) after leaching. 
 
Dependent: CaCl2-P (mg/l) 
 
Source           DF        SS        MS        F         P 
REPLICATION (A)   3      0.72      0.24 
SOIL (B)          2      5.56      2.78     16.4     0.003 
Error A*B         6      1.02      0.17 
DEPTH (C)         3      12.8      4.26     44.2     0.000 
B*C               6      3.72      0.62     6.42     0.000 
Error A*B*C      27      2.60      0.09 
TREATMENT (D)     2      2.15      1.08     15.2     0.000 
B*D               4      1.08      0.27     3.81     0.007 
C*D               6      1.76      0.29     4.14     0.001 
B*C*D            12      1.32      0.11     1.55     0.125 
Error A*B*C*D    72      5.09      0.07 
Total           143      37.8 
Grand Mean 0.47 
 
LSD (P < 0.05) 
   
SOIL         Sand           Clay          Loam 
            B (0.46)        C (0.24)     A (0.72) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.31)        A (0.49)           A (0.60) 
 
DEPTH     0-2.5cm     2.5-7.5 cm   7.5-17.5 cm   17.5-30.0 cm 
         A (0.83)     A (0.69)      B (0.23)      B (0.13) 
 
 
Dependent: Colwell-P (mg/kg) 
 
Source           DF        SS         MS       F         P 
REPLICATION (A)   3       240      80.0 
SOIL (B)          2      1550       775     1.70     0.259 
Error A*B         6      2733       456 
DEPTH (C)         3      4049      1349     4.50     0.011 
B*C               6      6697      1116     3.72     0.008 
Error A*B*C      27      8101       300 
TREATMENT (D)     2      8835      4418     14.2     0.000 
B*D               4       720       180     0.58     0.677 
C*D               6      3556       593     1.91     0.091 
B*C*D            12      1245       104     0.33     0.980 
Error A*B*C*D    72     22359       311 
Total           143     60087 
Grand Mean 32.9 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           C (23.3)        B (32.8)           A (42.5) 
 
DEPTH     0-2.5cm     2.5-7.5 cm   7.5-17.5 cm   17.5-30.0 cm 




Appendix 7.1. Annual rainfall data in the upper Fitzgerald River catchment for 2007. 








Appendix 7.2. Time of start of runoff, throughflow at 10 cm and throughflow at 30 cm from sand and clay soils in packed box study. 
 





   
Control 
 
20 kg P/ha 
 




20 kg P/ha 
 
40 kg P/ha 
 






























1  6.67  1.67          10.0  0.00          13.7  1.33      10.3  5.97         12.3  0.33          14.3  0.67 
2  5.00  0.00  5.00  0.00  5.00  0.00  7.67  1.67  8.33  0.33  9.67  1.33 
3  9.67  0.33  9.00  0.58  9.00  0.00      10.3  0.88  8.67  0.67          10.3  1.33 
4  7.67  0.33  8.67  1.67  7.00  0.00  8.33  0.67  6.00  0.00  8.33  1.86 
Throughflow at 10 
cm start time (min) 
 
 
1       10.0  2.00          13.3  0.67          10.3  0.33  9.00  5.20  9.00  0.00  9.33  0.67 
2  5.00  0.00  5.00  0.00  5.00  0.00  6.00  1.00  5.67  0.67  7.33  1.20 
3  3.33  3.33  3.33  3.33  9.33  0.33      11.3  2.03  9.00  0.00  8.33  1.20 
4  4.67  4.67  5.00  5.00  0.00  0.00      16.7  3.33          12.7  1.20          16.3  2.67 
Throughflow at 30 
cm start time (min) 
 
 
1       10.0  2.00          14.0  0.00  7.00  0.00      11.7  6.74          10.3  0.33          10.0  0.00 
2  3.00  0.00  3.00  0.00  3.00  0.00  6.67  1.67  6.00  1.00  8.67  1.33 
3      15.7  2.33          14.0  3.51          11.3  2.40      12.7  2.91          10.0  1.00          10.7  2.33 
4      26.7  2.03          24.3  2.96          26.7  2.33      15.0  5.00          28.3  1.67          30.0  0.00 
 
       Note: SE - standard error of mean for three replicates; min - minute; ha – hectare; 1, 2, 3, 4 – represents runoff events. 




Appendix 7.3. Analysis of variance for pH, EC, SOC, TSS and P forms in runoff 
water quality during four rainfall events with three P rates (0 kg P/ha, 20 kg P/ha and 
40 kg P/ha) in sand soil. 
 
Dependent: pH  
  
Source                       DF        SS        MS      F       P 
REP                           2      0.13      0.07 
EVENTS                        3      5.89      1.96   59.1   0.000 
Error REP*EVENTS              6      0.19      0.03 
TREATMENT                     2      0.53      0.27   9.19   0.002 
EVENTS*TREATMENT              6      0.83      0.14   4.78   0.005 
Error REP*EVENTS*TREATMENT   16      0.46      0.03 
Total                        35      8.06 
Grand Mean 7.19 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (7.05)        B (7.18)           A (7.35) 
 
EVENT           1            2           3            4 
             C (6.75)     C (6.86)    A (7.73)     B (7.44) 
 
Dependent: EC (mS/cm) 
 
Source                       DF        SS       MS     F       P 
REP                   2      3414     1707 
EVENTS                        3   2011059   670353   393   0.000 
Error REP*EVENTS              6     10226     1704 
TREATMENT                     2     12695     6347   7.85  0.004 
EVENTS*TREATMENT              6     38083     6347   7.85  0.000 
Error REP*EVENTS*TREATMENT   16     12935      808 
Total                        35   2088413 
Grand Mean 136 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (112)           A (140)           A (158) 
 
EVENT             1            2           3            4 

















Dependent: DRP (mg/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2   0.004   0.002 
EVENTS                        3   0.004   0.001   0.59   0.644 
Error REP*EVENTS              6   0.014   0.002 
TREATMENT                     2   0.023   0.011   5.16   0.018 
EVENTS*TREATMENT              6   0.008   0.001   0.64   0.700 
Error REP*EVENTS*TREATMENT   16   0.035   0.002 
Total                        35   0.090 
Grand Mean 0.04 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.01)        AB (0.05)           A (0.07) 
 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source                       DF          SS        MS      F    P     
REP                           2       43272     21636 
EVENTS                        3   1.131E+07   3770988   6.79  0.0234 
Error REP*EVENTS              6     3330861    555144 
TREATMENT                     2      579872    289936   0.99  0.3946 
EVENTS*TREATMENT              6     2651594    441932   1.50  0.2396 
Error REP*EVENTS*TREATMENT   16     4704867    294054 
Total                        35   2.262E+07 
Grand Mean 246 
 
LSD (P < 0.05) 
 
EVENT    1            2           3            4 
       A (2979)      A (3016)    B (1693)     AB (2158) 
 
Dependent: Total dissolved P (TDP) (mg/l) 
 
Source                       DF      SS       MS       F       P 
REP                           2   0.018   0.0094 
EVENTS                        3   0.088   0.0294    31.3   0.001 
Error REP*EVENTS              6   0.005   0.0009 
TREATMENT                     2   0.061   0.0305    8.83   0.002 
EVENTS*TREATMENT              6   0.006   0.0010    0.31   0.921 
Error REP*EVENTS*TREATMENT   16   0.055   0.0034 
Total                        35   0.235 
Grand Mean 0.19 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.14)        A (0.19)           A (0.24) 
 
EVENT    1            2           3            4 








Dependent: Particulate P (PP) (mg/l) 
 
Source                       DF      SS      MS       F       P 
REP                           2   0.008   0.004 
EVENTS                        3   0.170   0.057    11.4   0.007 
Error REP*EVENTS              6   0.029   0.005 
TREATMENT                     2   0.049   0.025    6.63   0.008 
EVENTS*TREATMENT              6   0.028   0.005    1.27   0.323 
Error REP*EVENTS*TREATMENT   16   0.059   0.004 
Total                        35   0.345 
Grand Mean 0.12 
 
LSD (P < 0.05) 
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.07)         A (0.15)           A (0.15) 
 
EVENT         1            2           3            4 
          B (0.04)      B (0.06)    A (0.19)     A (0.19) 
 
Dependent: Total solids (TSS) (g/l) 
 
Source                       DF        SS     MS      F       P 
REP                           2      0.26   0.13 
EVENTS                        3      28.7   9.59   5.84   0.032 
Error REP*EVENTS              6      9.84   1.64 
TREATMENT                     2      5.18   2.59   1.42   0.271 
EVENTS*TREATMENT              6      12.9   2.15   1.18   0.365 
Error REP*EVENTS*TREATMENT   16      29.2   1.83 
Total                        35      86.2 
Grand Mean 2.78 
 
LSD (P < 0.05) 
 
EVENT      1            2           3            4 
       A (4.06)      AB (3.17)    B (2.06)     B (1.83) 
 
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source                       DF       SS      MS      F       P 
REP                           2     46.4    23.2 
EVENTS                        3     87.7    29.2   3.40   0.094 
Error REP*EVENTS              6     51.6    8.59 
TREATMENT                     2      266     133   7.89   0.004 
EVENTS*TREATMENT              6      428    71.4   4.24   0.009 
Error REP*EVENTS*TREATMENT   16      269    16.9 
Total                        35     1149 
Grand Mean 6.97 
 
LSD (P < 0.05) 
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           A (10.8)        B (4.75)           A (10.8) 
 
EVENT    1            2           3            4 




Appendix 7.4. Analysis of variance for pH, EC, SOC, TSS and P forms in runoff 
water quality during four rainfall events with three P rates (0 kg P/ha, 20 kg P/ha and 




Source                       DF      SS      MS       F       P 
REP                           2   0.020   0.010 
EVENTS                        3   0.203   0.067   0.750   0.559 
Error REP*EVENTS              6   0.541   0.090 
TREATMENT                     2   0.003   0.001   0.080   0.921 
EVENTS*TREATMENT              6   0.491   0.081   3.750   0.016 
Error REP*EVENTS*TREATMENT   16   0.349   0.021 
Total                        35   1.609 
Grand Mean 6.90 
 
Dependent: EC (mS/cm) 
 
Source                       DF       SS      MS      F       P 
REP                           2     3324    1662 
EVENTS                        3    33076   11025   2.00   0.215 
Error REP*EVENTS              6    33022    5503 
TREATMENT                     2    12774    6387   1.97   0.171 
EVENTS*TREATMENT              6    16251    2708   0.84   0.559 
Error REP*EVENTS*TREATMENT   16    51793    3237 
Total                        35   150241 
Grand Mean 327 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2   0.001   0.001 
EVENTS                        3   0.050   0.017   1.57   0.291 
Error REP*EVENTS              6   0.064   0.011 
TREATMENT                     2   0.049   0.024   6.24   0.009 
EVENTS*TREATMENT              6   0.015   0.002   0.62   0.714 
Error REP*EVENTS*TREATMENT   16   0.063   0.004 
Total                        35   0.242 
Grand Mean 0.08 
 
LSD (P < 0.05) 
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.04)         B (0.07)           A (0.13) 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2   0.065   0.032 
EVENTS                        3   0.056   0.019   0.49   0.699 
Error REP*EVENTS              6   0.227   0.038 
TREATMENT                     2   0.100   0.050   1.91   0.180 
EVENTS*TREATMENT              6   0.151   0.025   0.96   0.484 
Error REP*EVENTS*TREATMENT   16   0.422   0.026 
Total                        35   1.023 





Dependent: Total dissolved P (TDP) (mg/l) 
 
Source                       DF     SS     MS      F       P 
REP                           2   0.08   0.04 
EVENTS                        3   0.09   0.03   1.70   0.266 
Error REP*EVENTS              6   0.10   0.02 
TREATMENT                     2   0.29   0.14   6.10   0.010 
EVENTS*TREATMENT              6   0.14   0.02   1.00   0.461 
Error REP*EVENTS*TREATMENT   16   0.38   0.02 
Total                        35   1.08 
Grand Mean 0.19 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.11)         B (0.17)           A (0.32) 
 
Dependent: Particulate P (PP) (mg/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2   0.008   0.004 
EVENTS                        3   0.170   0.057   11.4   0.006 
Error REP*EVENTS              6   0.029   0.005 
TREATMENT                     2   0.049   0.025   6.63   0.008 
EVENTS*TREATMENT              6   0.028   0.005   1.27   0.323 
Error REP*EVENTS*TREATMENT   16   0.059   0.004 
Total                        35   0.345 
Grand Mean 0.12 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.05)         B (0.06)           A (0.10) 
 
EVENT        1            2           3            4 
          A (0.15)      B (0.05)    B (0.04)     B (0.04) 
 
Dependent: Total solids (TSS) (g/l) 
 
Source                       DF       SS      MS      F       P 
REP                           2     3.41    1.70 
EVENTS                        3      124    41.2   1.01   0.452 
Error REP*EVENTS              6      246    40.9 
TREATMENT                     2     2.73    1.37   0.14   0.869 
EVENTS*TREATMENT              6     92.8    15.5   1.59   0.213 
Error REP*EVENTS*TREATMENT   16      155    9.71 
Total                        35      624 





Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2    12.5    6.26 
EVENTS                        3    47.2    15.7   0.93   0.483 
Error REP*EVENTS              6     102    16.9 
TREATMENT                     2    6.19    3.09   0.85   0.448 
EVENTS*TREATMENT              6    64.3    10.7   2.93   0.042 
Error REP*EVENTS*TREATMENT   15    54.9    3.66 
Total                        34 
Grand Mean 4.89 
 
Dependent: Runoff volume (L) 
 
Source                       DF          SS        MS    F      P     
REP                           2     4768093   2384047 
EVENTS                        3     3731619   1243873 3.42  0.093 
Error REP*EVENTS              6     2181746    363624 
TREATMENT                     2      723301    361651 0.72  0.503 
EVENTS*TREATMENT              6     4592138    765356 1.52  0.235 
Error REP*EVENTS*TREATMENT   16     8070111    504382 
Total                        35   2.407E+07 
Grand Mean 3120 
 
LSD (P < 0.05) 
 
EVENT         1            2           3            4 











Appendix  7.5.  Analysis  of  variance  for  pH,  EC,  SOC,  TSS  and  P  forms  in 
throughflow at 10 cm water quality during four rainfall events with three P rates (0 
kg P/ha, 20 kg P/ha and 40 kg P/ha) in sand soil 
 
Dependent: PH   
 
Source                       DF      SS      MS      F        P 
REP                           2    10.8    5.38 
EVENTS                        3    145     48.6   21.5   0.001 
Error REP*EVENTS              6    13.6    2.27 
TREATMENT                     2    5.06    2.53   0.27   0.767 
EVENTS*TREATMENT              6    18.0    3.00   0.32   0.917 
Error REP*EVENTS*TREATMENT   16    150     9.38 
Total                        35    343 
Grand Mean 4.62 
 
LSD (P < 0.05) 
 
EVENT          1              2           3            4 
             A (6.38)      A (6.54)    B (3.94)     C (1.63) 
 
Dependent: EC (mS/cm) 
 
Source                       DF       SS      MS      F       P 
REP                           2    15801    7900 
EVENTS                        3    90635   30211   3.85   0.075 
Error REP*EVENTS              6    47090    7848 
TREATMENT                     2    15586    7792   0.41   0.672 
EVENTS*TREATMENT              6    47305    7884   0.41   0.861 
Error REP*EVENTS*TREATMENT   16   306960   19185 
Total                        35   523376 
Grand Mean 29.5 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source                       DF      SS     MS      F       P 
REP                           2    1.65   0.83 
EVENTS                        3    22.7   7.56   13.3   0.004 
Error REP*EVENTS              6    3.42   0.57 
TREATMENT                     2    3.03   1.51   7.86   0.004 
EVENTS*TREATMENT              6    1.45   0.24   1.25   0.331 
Error REP*EVENTS*TREATMENT   16    3.08   0.19 
Total                        35    35.3 
Grand Mean 1.02 
 
LSD (P < 0.05) 
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.66)        A (1.05)           A (1.36) 
 
EVENT        1              2           3            4 








Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source                       DF      SS     MS      F       P 
REP                           2    2.98   1.49 
EVENTS                        3    9.08   3.03   16.9   0.002 
Error REP*EVENTS              6    1.07   0.18 
TREATMENT                     2    1.43   0.71   1.85   0.190 
EVENTS*TREATMENT              6    1.99   0.33   0.86   0.546 
Error REP*EVENTS*TREATMENT   16    6.19   0.39 
Total                        35   22.7 
Grand Mean 0.94 
 
LSD (P < 0.05) 
   
EVENT       1              2           3            4 
         A (1.34)      A (1.50)    B (0.67)     B (0.26) 
 
 
Dependent: Total dissolved P (TDP) (mg/l) 
 
Source                       DF       SS      MS      F       P 
REP                           2     9.06    4.53 
EVENTS                        3     60.3    20.1   17.5   0.002 
Error REP*EVENTS              6     6.89    1.15 
TREATMENT                     2     8.52    4.26   4.46   0.028 
EVENTS*TREATMENT              6     6.07    1.01   1.06   0.425 
Error REP*EVENTS*TREATMENT   16     15.3    0.96 
Total                        35     106 
Grand Mean 1.96 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (1.38)        AB (1.96)           A (2.57) 
 
EVENT          1             2           3            4 
            A (3.06)      A (3.39)    B (1.12)     B (0.30) 
 
 
Dependent: Particulate P (PP) (mg/l) 
 
Source                       DF     SS     MS      F       P 
REP                           2   0.42   0.21 
EVENTS                        3   1.45   0.48   8.35   0.014 
Error REP*EVENTS              6   0.35   0.06 
TREATMENT                     2   0.11   0.06   0.69   0.513 
EVENTS*TREATMENT              6   0.23   0.04   0.46   0.830 
Error REP*EVENTS*TREATMENT   16   1.34   0.08 
Total                        35   3.89 
Grand Mean 0.26 
 
LSD (P < 0.05) 
 
EVENT        1             2           3            4 







Dependent: Total solids (TSS) (g/l) 
 
Source                       DF      SS     MS      F       P 
REP                           2    1.37   0.69 
EVENTS                        3    9.88   3.29   2.14   0.196 
Error REP*EVENTS              6    9.23   1.54 
TREATMENT                     2    4.77   2.39   1.36   0.286 
EVENTS*TREATMENT              6    3.59   0.59   0.34   0.905 
Error REP*EVENTS*TREATMENT   16    28.2   1.76 
Total                        35    57.0 
Grand Mean 0.87 
 
LSD (P < 0.05) 
 
EVENT          1            2           3            4 
            A (48.3)      B (33.3)    C (7.79)     C (5.04) 
  
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source                       DF      SS       MS      F       P 
REP                           2     147     73.6 
EVENTS                        3   11685     3895   50.8   0.000 
Error REP*EVENTS              6     460     76.7 
TREATMENT                     2      61     30.9   0.22   0.801 
EVENTS*TREATMENT              6     533     88.9   0.64   0.693 
Error REP*EVENTS*TREATMENT   16    2205      137 
Total                        35   15093 
Grand Mean 23.6 
 
Dependent: Throughflow volume (L) 
 
Source                       DF        SS      MS      F       P 
REP                           2     58572   29286 
EVENTS                        3    283742   94580   6.48   0.026 
Error REP*EVENTS              6     87526   14587 
TREATMENT                     2     32189   16094   0.48   0.625 
EVENTS*TREATMENT              6     26777    4462   0.13   0.989 
Error REP*EVENTS*TREATMENT   16    532340   33271 
Total                        35   1021147 
Grand Mean 129 
 
LSD (P < 0.05) 
 
EVENT    1            2           3            4 







Appendix  7.6.  Analysis  of  variance  for  pH,  EC,  SOC,  TSS  and  P  forms  in 
throughflow at 10 cm water quality during four rainfall events with three P rates (0 




Source                       DF     SS     MS      F       P 
REP                           2   0.14   0.07 
EVENTS                        3   0.07   0.03   0.44   0.734 
Error REP*EVENTS              6   0.34   0.06 
TREATMENT                     2   1.06   0.53   8.64   0.003 
EVENTS*TREATMENT              6   0.82   0.14   2.23   0.094 
Error REP*EVENTS*TREATMENT   16   0.98   0.06 
Total                        35   3.41 
Grand Mean 6.11 
 
LSD (P < 0.05)  
   
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           A (6.33)        B (6.09)           B (5.91) 
 
Dependent: EC (mS/cm) 
 
Source                       DF        SS      MS      F       P 
REP                           2     99448   49724 
EVENTS                        3    226939   75646   0.89   0.498 
Error REP*EVENTS              6    510317   85052 
TREATMENT                     2     44718   22358   0.45   0.643 
EVENTS*TREATMENT              6    112933   18822   0.38   0.879 
Error REP*EVENTS*TREATMENT   16    787663   49228 
Total                        35   1782018 
Grand Mean 675 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source                       DF      SS     MS      F       P 
REP                           2    0.07   0.03 
EVENTS                        3    7.47   2.49   0.95   0.473 
Error REP*EVENTS              6    15.7   2.61 
TREATMENT                     2    5.97   2.98   2.53   0.113 
EVENTS*TREATMENT              6    2.35   0.39   0.33   0.909 
Error REP*EVENTS*TREATMENT   15    17.7   1.18 
Total                        34 
Grand Mean 1.18 
 
LSD (P < 0.05)  
   
TREATMENT    Control         20 kg P/ha           40 kg P/ha  











Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source                       DF     SS      MS      F       P 
REP                           2   23.4    11.7 
EVENTS                        3    121    40.2   0.71   0.581 
Error REP*EVENTS              6    340    56.7 
TREATMENT                     2    396     198   5.03   0.021 
EVENTS*TREATMENT              6    256    42.7   1.08   0.416 
Error REP*EVENTS*TREATMENT   15    591    39.4 
Total                        34 
Grand Mean 4.92 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (1.06)        AB (4.20)           A (9.52) 
 
 
Dependent: Total dissolved P (TDP) (mg/l) 
 
Source                       DF    SS      MS      F       P 
REP                           2  25.9    12.9 
EVENTS                        3   154    51.3   0.87   0.505 
Error REP*EVENTS              6   352    58.7 
TREATMENT                     2   494     247   6.13   0.011 
EVENTS*TREATMENT              6   248    41.3   1.02   0.447 
Error REP*EVENTS*TREATMENT   15   605    40.3 
Total                        34 
Grand Mean 6.11 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (1.69)         B (5.49)           A (11.2) 
 
Dependent: Particulate P (PP) (mg/l) 
 
Source                       DF      SS     MS      F       P 
REP                           2    0.07   0.03 
EVENTS                        3    15.3   5.08   23.5   0.001 
Error REP*EVENTS              6    1.29   0.22 
TREATMENT                     2    4.19   2.09   2.92   0.083 
EVENTS*TREATMENT              6    3.95   0.66   0.92   0.508 
Error REP*EVENTS*TREATMENT   16    11.5   0.72 
Total                        35    36.2 
Grand Mean 0.87 
 
LSD (P < 0.05)  
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.57)        AB (0.70)           A (1.35) 
 
EVENT     1            2           3            4 




Dependent: Total solids (TSS) (g/l) 
 
Source                       DF     SS      MS      F       P 
REP                           2   0.05    0.02 
EVENTS                        3   21.8    7.26   0.71   0.580 
Error REP*EVENTS              6   61.3    10.2 
TREATMENT                     2   3.36    1.68   0.31   0.742 
EVENTS*TREATMENT              6   14.7    2.45   0.45   0.835 
Error REP*EVENTS*TREATMENT   13   71.5    5.50 
Total                        32 
Grand Mean 2.19 
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source                       DF      SS     MS      F       P 
REP                           2     736    367 
EVENTS                        3    3011   1003   3.85   0.075 
Error REP*EVENTS              6    1562    260 
TREATMENT                     2    1488    744   0.99   0.394 
EVENTS*TREATMENT              6    3230    538   0.72   0.643 
Error REP*EVENTS*TREATMENT   16   12033    752 
Total                        35   22059 
Grand Mean 29.7 
 
LSD (P < 0.05)  
  
EVENT    1            2           3            4 
       AB (30.5)    B (14.6)    A (35.7)     A (38.0) 
 
Dependent: Throughflow volume (L) 
 
Source                       DF        SS       MS      F       P 
REP                           2    946906   473453 
EVENTS                        3   1050144   350048   6.43   0.026 
Error REP*EVENTS              6    326872    54479 
TREATMENT                     2    167010    83505   0.81   0.463 
EVENTS*TREATMENT              6    538185    89697   0.87   0.539 
Error REP*EVENTS*TREATMENT   16   1653456   103341 
Total                        35   4682572 
Grand Mean 767 
 
LSD (P < 0.05)  
 
EVENT    1            2           3            4 










Appendix  7.7.  Analysis  of  variance  for  pH,  EC,  SOC,  TSS  and  P  forms  in 
throughflow at 30 cm water quality during four rainfall events with three P rates (0 




Source                       DF     SS     MS      F       P 
REP                           2   0.21   0.10 
EVENTS                        3   8.42   2.81    187   0.000 
Error REP*EVENTS              6   0.09   0.02 
TREATMENT                     2   0.04   0.02   0.45   0.644 
EVENTS*TREATMENT              6   0.19   0.03   0.72   0.636 
Error REP*EVENTS*TREATMENT   16   0.70   0.04 
Total                        35   9.65 
Grand Mean 6.72 
 
LSD (P < 0.05)  
  
EVENT     1            2           3            4 
       B (6.37)     C (6.11)    A (7.17)     A (7.22) 
 
 
Dependent: EC (mS/cm) 
 
Source                       DF        SS        MS     F       P 
REP                           2    191753     95876 
EVENTS                        3   8317816   2772605  29.2   0.001 
Error REP*EVENTS              6    570511     95085 
TREATMENT                     2     28365     14182  0.29   0.756 
EVENTS*TREATMENT              6     86802     14467  0.29   0.933 
Error REP*EVENTS*TREATMENT   16    795828     49739 
Total                        35   9991075 
Grand Mean 279 
 
LSD (P < 0.05)  
 
EVENT    1            2           3            4 
       B (2.3)      B (0.5)    B (1.6)     A (1112) 
   
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source                       DF      SS       MS      F       P 
REP                           2   0.002   0.0009 
EVENTS                        3   0.019   0.0062   4.57   0.054 
Error REP*EVENTS              6   0.008   0.0013 
TREATMENT                     2   0.015   0.0076   3.80   0.045 
EVENTS*TREATMENT              6   0.012   0.0019   0.97   0.479 
Error REP*EVENTS*TREATMENT   16   0.032   0.0020 
Total                        35   0.088 
Grand Mean 0.04 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.03)         B (0.03)           A (0.07) 
 
EVENT    1            2           3            4 




Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source                       DF     SS     MS      F       P 
REP                           2   0.58   0.29 
EVENTS                        3   1.62   0.54   4.59   0.054 
Error REP*EVENTS              6   0.70   0.12 
TREATMENT                     2   0.81   0.41   22.4   0.000 
EVENTS*TREATMENT              6   0.33   0.06   3.04   0.035 
Error REP*EVENTS*TREATMENT   16   0.29   0.02 
Total                        35   4.34 
Grand Mean 0.52 
 
LSD (P < 0.05)  
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.37)         B (0.45)         A (0.72) 
 
EVENT    1            2           3            4 
       AB (0.49)     A (0.86)    B (0.41)     B (0.29) 
 
 
Dependent: Total dissolved P (TDP) (mg/l) 
 
Source                       DF     SS     MS       F       P 
REP                           2   0.68   0.34 
EVENTS                        3   1.93   0.64    4.79   0.049 
Error REP*EVENTS              6   0.80   0.13 
TREATMENT                     2   1.01   0.50    22.4   0.000 
EVENTS*TREATMENT              6   0.48   0.08    3.55   0.019 
Error REP*EVENTS*TREATMENT   16   0.36   0.02 
Total                        35   5.27 
Grand Mean 0.56 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.40)         B (0.49)           A (0.79) 
 
EVENT         1            2           3            4 
           AB (0.56)     A (0.93)    B (0.44)     B (0.31) 
  
 
Dependent: Particulate P (PP)   (mg/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2   0.064   0.032 
EVENTS                        3   0.098   0.032   2.21   0.187 
Error REP*EVENTS              6   0.088   0.015 
TREATMENT                     2   0.019   0.009   4.99   0.021 
EVENTS*TREATMENT              6   0.005   0.001   0.51   0.795 
Error REP*EVENTS*TREATMENT   16   0.031   0.002 
Total                        35   0.307 
Grand Mean 0.08 
 
LSD (P < 0.05)  
   
TREATMENT    Control         20 kg P/ha           40 kg P/ha  





Dependent: Total solids (TSS) (g/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2    3.04    1.52 
EVENTS                        3    39.5    13.2   30.7   0.001 
Error REP*EVENTS              6    2.57    0.43 
TREATMENT                     2    2.38    1.19   2.97   0.079 
EVENTS*TREATMENT              6    4.90    0.81   2.05   0.118 
Error REP*EVENTS*TREATMENT   16    6.39    0.39 
Total                        35    58.8 
Grand Mean 2.58 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           A (2.92)        AB (2.54)           B (2.29) 
 
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source                       DF     SS     MS       F       P 
REP                           2    278    139 
EVENTS                        3    288   95.9    1.84   0.241 
Error REP*EVENTS              6    314   52.3 
TREATMENT                     2   3235   1617    22.5   0.000 
EVENTS*TREATMENT              6    284   47.3    0.66   0.685 
Error REP*EVENTS*TREATMENT   16   1153   72.1 
Total                        35   5551 
Grand Mean 59.8 
 
Dependent: Throughflow volume (L) 
 
Source                     DF          SS         MS     F      P 
REP                         2   1.066E+07    5333836 
EVENTS                      3   1.024E+08  3.414E+07  37.3  0.000 
Error REP*EVENTS            6     5496528     916088 
TREATMENT                   2     1456372     728186  0.81  0.461 
EVENTS*TREATMENT            6     2786228     464371  0.52  0.787 
Error REP*EVENTS*TREATMENT 16   1.434E+07     896746 
Total                      35   1.372E+08 
Grand Mean 3338 
 
LSD (P < 0.05)  
 
EVENT    1            2           3            4 




Appendix  7.8.  Analysis  of  variance  for  pH,  EC,  SOC,  TSS  and  P  forms  in 
throughflow at 30 cm water quality during four rainfall events with three P rates (0 




Source                       DF     SS     MS      F       P 
REP                           2   0.06   0.03 
EVENTS                        3   2.59   0.86   1.94   0.225 
Error REP*EVENTS              6   2.67   0.45 
TREATMENT                     2   0.14   0.07   0.75   0.491 
EVENTS*TREATMENT              6   0.71   0.12   1.23   0.341 
Error REP*EVENTS*TREATMENT   16   1.53   0.09 
Total                        35   7.69 
Grand Mean 6.92 
 
Dependent: EC (mS/cm) 
 
Source                       DF          SS        MS      F      P   
REP                           2     2641034   1320517 
EVENTS                        3   1.087E+07   3624314   2.05  0.208 
Error REP*EVENTS              6   1.060E+07   1767869 
TREATMENT                     2     2535845   1267923   1.49  0.256 
EVENTS*TREATMENT              6     1889903    314984   0.37  0.888 
Error REP*EVENTS*TREATMENT   16   1.364E+07    853010 
Total                        35   4.220E+07 
Grand Mean 2159 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source                       DF     SS     MS      F       P 
REP                           2   0.06   0.03 
EVENTS                        3   0.32   0.11   2.82   0.129 
Error REP*EVENTS              6   0.22   0.04 
TREATMENT                     2   0.24   0.12   3.73   0.048 
EVENTS*TREATMENT              6   0.61   0.10   3.15   0.033 
Error REP*EVENTS*TREATMENT   15   0.49   0.03 
Total                        34 
Grand Mean 0.09 
 
LSD (P < 0.05)  
   
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.02)         B (0.05)           A (0.21) 
 
EVENT         1            2           3            4 













Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source                       DF     SS     MS      F       P 
REP                           2   0.05   0.03 
EVENTS                        3   1.02   0.34   3.54   0.088 
Error REP*EVENTS              6   0.58   0.09 
TREATMENT                     2   2.07   1.04   14.3   0.000 
EVENTS*TREATMENT              6   2.57   0.43   5.92   0.002 
Error REP*EVENTS*TREATMENT   15   1.08   0.07 
Total                        34 
Grand Mean 0.31 
 
LSD (P < 0.05)  
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.12)         B (0.16)           A (0.66) 
 
EVENT    1            2           3            4 
       A (0.58)      B (0.14)    B (0.18)     AB (0.37) 
 
Dependent: Total dissolved P (TDP) (mg/l) 
 
Source                       DF     SS     MS      F        P 
REP                           2   0.21   0.10 
EVENTS                        3   2.33   0.78   6.42   0.0265 
Error REP*EVENTS              6   0.73   0.12 
TREATMENT                     2   3.73   1.86   14.8   0.0003 
EVENTS*TREATMENT              6   5.39   0.89   7.11   0.0010 
Error REP*EVENTS*TREATMENT   15   1.89   0.13 
Total                        34 
Grand Mean 0.41 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           B (0.14)         B (0.21)           A (0.86) 
 
EVENT    1            2           3            4 
       A (0.83)      B (0.19)    B (0.20)     B (0.41) 
  
Dependent: Particulate P (PP) (mg/l) 
 
Source                       DF     SS     MS       F       P 
REP                           2   0.15   0.07 
EVENTS                        3   1.53   0.51    5.37   0.039 
Error REP*EVENTS              6   0.57   0.09 
TREATMENT                     2   0.79   0.39    28.0   0.000 
EVENTS*TREATMENT              6   0.37   0.06    4.39   0.008 
Error REP*EVENTS*TREATMENT   16   0.23   0.01 
Total                        35   3.63 
Grand Mean 0.32 
 
LSD (P < 0.05)  
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
          B (0.18)        B (0.25)           A (0.52) 
 
EVENT    1            2           3            4 





Dependent: Total solids (TSS) (g/l) 
 
Source                       DF      SS      MS      F       P 
REP                           2    3.04    1.52 
EVENTS                        3    41.3    13.8   0.93   0.483 
Error REP*EVENTS              6    89.1    14.8 
TREATMENT                     2    6.94    3.47   0.66   0.532 
EVENTS*TREATMENT              6    13.9    2.32   0.44   0.842 
Error REP*EVENTS*TREATMENT   16    84.4    5.27 
Total                        35     238 
Grand Mean 3.91 
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source                       DF     SS    MS      F        P 
REP                           2    278    139 
EVENTS                        3   2460    820   1.01   0.449 
Error REP*EVENTS              6   4851    808 
TREATMENT                     2   15.7   7.86   0.05   0.949 
EVENTS*TREATMENT              6   1959    327   2.15   0.112 
Error REP*EVENTS*TREATMENT   14   2129    152 
Total                        33 
Grand Mean 29.6 
 
Dependent: Throughflow volume (L) 
 
Source                       DF     SS           MS      F     P 
REP                         2    1208672     604336 
EVENTS                      3  4.140E+07  1.380E+07    304  0.000 
Error REP*EVENTS            6     271506    45250.9 
TREATMENT                   2    3305539    1652769   8.59  0.003 
EVENTS*TREATMENT            6    4368339     728056   3.78  0.015 
Error REP*EVENTS*TREATMENT 16    3079689     192481 
Total                      35  5.364E+07 
Grand Mean 2607 
 
LSD (P < 0.05)  
 
EVENT    1            2           3            4 







Appendix 7.9. Analysis of variance for pH, EC, SOC and P forms in soil solution at 
three depths (5, 10 and 15 cm) during four rainfall events with three P rates (0 kg 




Source           DF          SS         MS        F        P 
REP (A)           2        2.05       1.03 
EVENTS (B)        3        7.65       2.55     20.7    0.001 
Error A*B         6        0.74       0.12 
DEPTH (C)         2        0.89       0.45     5.89    0.012 
B*C               6        5.37       0.89     11.9    0.000 
Error A*B*C      16        1.21       0.08 
TREATMENT (D)     2        0.53       0.27     3.51    0.037 
B*D               6        0.68       0.11     1.50    0.199 
C*D               4        0.82       0.20     2.69    0.042 
B*C*D            12        3.72       0.31     4.08    0.000 
Error A*B*C*D    48        3.65       0.08 
Total           107        27.3 
Grand Mean 5.72 
 
LSD (P < 0.05) 
 
EVENT    1            2           3            4 
       A (5.90)      A (5.96)    A (5.74)     B (5.28) 
  
DEPTH    5 cm                10 cm              15 cm 
        B (5.70)           A (5.84)           B (5.62) 
 
Dependent: EC (mS/cm) 
 
Source           DF          SS          MS        F        P 
REP (A)           2       23747       11873 
EVENTS (B)        3   3.231E+07   1.077E+07      906    0.000 
Error A*B         6     71313.4       11885 
DEPTH (C)         2      767632      383816      122    0.000 
B*C               6     2297892      382982      121    0.000 
Error A*B*C      16     50440.4        3152 
TREATMENT (D)     2      397885      198942      4.71   0.014 
B*D               6     1188372      198062      4.69   0.001 
C*D               4      174442       43610      1.03   0.399 
B*C*D            12      520521       43376      1.03   0.439 
Error A*B*C*D    48     2025358       42195 
Total           107   3.983E+07 
Grand Mean 316 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
 
DEPTH       5 cm                 10 cm              15 cm 
          A (430)               B (291)            C (228) 










Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF      SS       MS        F         P 
REP (A)           2    50.4     25.2 
EVENTS (B)        3     766      255     6.88     0.023 
Error A*B         6     223     37.1 
DEPTH (C)         2    2275     1137      115     0.000 
B*C               6     443     73.8     7.48     0.001 
Error A*B*C      16     158     9.86 
TREATMENT (D)     2    2871     1435     67.2     0.000 
B*D               6    1105      184     8.62     0.000 
C*D               4    1322      330     15.5     0.000 
B*C*D            12     505     42.1     1.97     0.048 
Error A*B*C*D    48    1025     21.4 
Total           107   10742 
Grand Mean 7.67 
 
LSD (P < 0.05) 
   
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           C (0.68)         B (9.41)           A (12.9) 
 
EVENT    1            2           3            4 
       AB (7.88)     A (11.7)    B (6.78)     B (4.32) 
  
DEPTH    5 cm                10 cm              15 cm 
        A (12.6)           B (8.82)           C (1.57) 
 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF       SS        MS         F          P 
REP (A)           2     2673      1336 
EVENTS (B)        3    90687     30229      37.1     0.0003 
Error A*B         6     4894       816 
DEPTH (C)         2   114434     57217      68.5     0.0000 
B*C               6   192240     32040      38.4     0.0000 
Error A*B*C      16    13366       835 
TREATMENT (D)     2    85165     42582      57.7     0.0000 
B*D               6    96419     16069      21.8     0.0000 
C*D               4    99524     24881      33.7     0.0000 
B*C*D            12   218845     18237      24.7     0.0000 
Error A*B*C*D    48    35425       738 
Total           107   953672 
Grand Mean 33.2 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
          C (2.24)        B (27.2)          A (70.2) 
EVENT    1            2           3            4 
       A (76.8)      B (42.1)    C (7.29)     C (6.69) 
  
DEPTH    5 cm                10 cm              15 cm 








Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF        SS          MS        F        P 
REP (A)           2      2793        1396 
EVENTS (B)        3     99937       33312     58.4   0.0001 
Error A*B         6      3420         570 
DEPTH (C)         2    145046       72522     91.2   0.0000 
B*C               6    205044       34174     42.9   0.0000 
Error A*B*C      16     12726         795  
TREATMENT (D)     2    116925       58463     78.5   0.0000 
B*D               6     89573       14929     20.0   0.0000 
C*D               4    115219       28805     38.7   0.0000 
B*C*D            12    218583       18215     24.5   0.0000 
Error A*B*C*D    48     35755         745 
Total           107   1045021 
Grand Mean 40.9 
 
LSD (P < 0.05) 
  
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           C (2.91)        B (36.7)         A (83.2) 
 
EVENT       1             2           3            4 
          A (84.7)      B (53.8)    C (14.1)     C (11.0) 
   
DEPTH    5 cm                10 cm              15 cm 
        A (90.9)           B (27.5)           C (4.26) 
 
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source           DF      SS          MS           F        P 
REP (A)           2     324         162 
EVENTS (B)        3   21718        7239        17.8    0.0021 
Error A*B         6    2432         405 
DEPTH (C)         2   12989        6495        16.0    0.0002 
B*C               6    6671        1112        2.74    0.0502 
Error A*B*C      16    6497         406 
TREATMENT (D)     2     289         144        0.36    0.6984 
B*D               6    1227         204        0.51    0.7963 
C*D               4    4506        1126        2.82    0.0351 
B*C*D            12   13511        1126        2.82    0.0054 
Error A*B*C*D    48   19168         399 
Total           107   89332 
Grand Mean 46.2 
 
LSD (P < 0.05) 
  
EVENT    1            2           3            4 
       A (66.3)      B (51.8)    C (37.8)     C (28.9) 
  
DEPTH    5 cm                10 cm              15 cm 






Appendix 7.10. Analysis of variance for pH, EC, SOC and P forms in soil solution at 
three depths (5, 10 and 15 cm) during four rainfall events with three P rates (0 kg 




Source           DF        SS        MS         F         P 
REP (A)           2      0.34      0.17 
EVENTS (B)        3      1.26      0.42      3.86     0.075 
Error A*B         6      0.65      0.11 
DEPTH (C)         2      5.95      2.97       105     0.000 
B*C               6      5.37      0.89      31.8     0.000 
Error A*B*C      16      0.45      0.03 
TREATMENT (D)     2      0.68      0.34      2.72     0.076 
B*D               6      1.50      0.25      2.01     0.082 
C*D               4      0.03      0.01      0.05     0.995 
B*C*D            12      1.98      0.17      1.33     0.233 
Error A*B*C*D    48      5.96      0.12 
Total           107      24.2 
Grand Mean 5.95 
 
Dependent: EC (mS/cm) 
 
Source           DF          SS        MS         F       P 
REP (A)           2      771000       385500 
EVENTS (B)        3       62679        20893   0.14   0.930 
Error A*B         6      871861       145310 
DEPTH (C)         2     6428162      3214081   9.49   0.002 
B*C               6     2431167       405195   1.20   0.357 
Error A*B*C      16     5417436       338590 
TREATMENT (D)     2      622989       311495   2.57   0.087 
B*D               6     1114557       185759   1.53   0.188 
C*D               4     2086950       521738   4.31   0.005 
B*C*D            12     1774402       147867   1.22   0.297 
Error A*B*C*D    48     5814278       121131 
Total           107   2.740E+07 
Grand Mean 938 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source           DF        SS         MS          F         P 
REP (A)           2      66.8       33.4 
EVENTS (B)        3      84.5       28.2       2.24     0.184 
Error A*B         6      75.5       12.6 
DEPTH (C)         2      1029        514       28.2     0.000 
B*C               6      57.8       9.63       0.53     0.779 
Error A*B*C      16       292       18.3 
TREATMENT (D)     2       303        151       15.5     0.000 
B*D               6      67.1       11.2       1.15     0.351 
C*D               4       465        116       11.9     0.000 
B*C*D            12      93.2       7.77       0.80     0.652 
Error A*B*C*D    48       468       9.76 
Total           107      3002 







Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source           DF       SS        MS        F          P 
REP (A)           2    23549     11774 
EVENTS (B)        3    68444     22815     3.55      0.087 
Error A*B         6    38509      6418 
DEPTH (C)         2    89222     44611     4.76      0.024 
B*C               6   122411     20402     2.18      0.099 
Error A*B*C      16   149804      9363 
TREATMENT (D)     2    49170     24585     7.45      0.002 
B*D               6    56162      9360     2.83      0.019 
C*D               4    59061     14765     4.47      0.003 
B*C*D            12    96904      8075     2.45      0.014 
Error A*B*C*D    48   158489      3302 
Total           107   911724 
Grand Mean 26.9 
 
Dependent: Total dissolved P (TDP) (mg/l) 
 
Source           DF          SS         MS        F           P 
REP (A)           2       24003      12001 
EVENTS (B)        3       66761      22254      3.60      0.085 
Error A*B         6       37131       6189 
DEPTH (C)         2      109456      54728      5.83      0.012 
B*C               6      121192      20199      2.15      0.103 
Error A*B*C      16      150218       9389 
TREATMENT (D)     2       56492      28246      8.36      0.001 
B*D               6       55333       9222      2.73      0.023 
C*D               4       69594      17399      5.15      0.002 
B*C*D            12       95661       7972      2.36      0.017 
Error A*B*C*D    48      162274       3381 
Total           107      948115 
Grand Mean 29.6 
 
Dependent: Soluble organic carbon (SOC) (mg/l) 
 
Source           DF        SS        MS        F         P 
REP (A)           2      1375       688 
EVENTS (B)        3      4052      1351     3.98     0.070 
Error A*B         6      2037       339 
DEPTH (C)         2      2782      1391     5.96     0.012 
B*C               6      5946       991     4.25     0.009 
Error A*B*C      16      3731       233 
TREATMENT (D)     2      6823      3412     15.2     0.000 
B*D               6      1056       176     0.78     0.586 
C*D               4       252      63.1     0.28     0.888 
B*C*D            12      3637       303     1.35     0.222 
Error A*B*C*D    48     10760       224 
Total           107     42449 




Appendix 7.11. Analysis of variance for Colwell-P and CaCl2-P with three P rates 
(0 kg P/ha, 20 kg P/ha and 40 kg P/ha) at five depths (0-2.5, 2.5-5, 5-7.5, 7.5-17.5 
and 17.5-30 cm) in sand soil. 
 
Dependent: CaCl2-P (mg/l) 
 
Source          DF        SS          MS           F          P 
REPLICATI (A)    2      0.81        0.41 
DEPTH (B)        4      21.9        5.47        55.9      0.000 
Error A*B        8      0.78        0.09 
TREATMENT (C)    2      18.6        9.29         141      0.000 
B*C              8      7.46        0.93        14.1      0.000 
Error A*B*C     20      1.32        0.07 
Total           44      50.9 
Grand Mean 1.27 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           C (0.39)        B (1.47)          A (1.93) 
 
DEPTH (cm)   2.5         5.0         7.5         17.5        30   
            A (1.89)   A (1.78)    A (1.76)    B (0.79)   C (0.12) 
 
 
Dependent: Colwell-P (mg/kg) 
 
Source          DF        SS           MS          F         P 
REPLICATI (A)    2      88.7         44.4 
DEPTH (B)        4      1958          489       44.1     0.000 
Error A*B        8      88.8         11.1 
TREATMENT (C)    2      3105         1553        172     0.000 
B*C              8      1169          146       16.2     0.000 
Error A*B*C     20       181         9.04 
Total           44      6591 
Grand Mean 26.9 
 
LSD (P < 0.05) 
 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           C (16.1)        B (28.3)           A (36.3) 
 
DEPTH (cm)    2.5         5.0         7.5         17.5       30   






Appendix 7.12. Analysis of variance for Colwell-P and CaCl2-P with three P rates 
(0 kg P/ha, 20 kg P/ha and 40 kg P/ha) at five depths (0-2.5, 2.5-5, 5-7.5, 7.5-17.5 
and 17.5-30 cm) in clay soil. 
 
Dependent: CaCl2-P (mg/l) 
Source          DF        SS        MS        F          P 
REPLICATI (A)    2      0.01      0.01 
DEPTH (B)        4      38.1      9.52      600     0.0000 
Error A*B        8      0.13      0.02 
TREATMENT (C)    2      14.4      7.21     78.2     0.0000 
B*C              8      13.6      1.69     18.4     0.0000 
Error A*B*C     20      1.84      0.09 
Total           44      68.1 
Grand Mean 1.01 
LSD (P < 0.05) 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
          C (0.29)        B (1.06)         A (1.68) 
DEPTH (cm)   2.5        5.0           7.5         17.5       30   
            A (2.32)   B (1.78)    C (0.92)    D (0.04)   D (0.01) 
 
Means of CaCl2-P for DEPTH * TREATMENT interaction 
DEPTH TREATMENT      Mean     DEPTH TREATMENT    Mean 
    1         1      0.46         3         3     2.72 
    1         2      2.29         4         1     0.41 
    1         3      2.90         4         2     0.82 
    2         1      0.46         4         3     1.16 
    2         2      2.14         5         1     0.09 
    2         3      2.74         5         2     0.12 
    3         1      0.57         5         3     0.15 
    3         2      1.99      
 
Dependent: Colwell-P (mg/kg) 
Source          DF         SS          MS          F        P 
REPLICATI (A)    2       36.8        18.4 
DEPTH (B)        4      12662        3166        181    0.000 
Error A*B        8        140        17.5 
TREATMENT (C)    2       6242        3121       68.0    0.000 
B*C              8       4279         535       11.7    0.000 
Error A*B*C     20        918        45.9 
Total           44      24277 
Grand Mean 38.2 
LSD (P < 0.05) 
TREATMENT    Control         20 kg P/ha           40 kg P/ha  
           C (22.8)       B (40.5)         A (51.4) 
DEPTH (cm)   2.5       5.0         7.5       17.5         30   
           B (49.9)   A (57.3)    B (45.7)    C (26.7)   D (11.5) 
  
Means of Colwell-P for DEPTH * TREATMENT interaction 
DEPTH TREATMENT    Mean     DEPTH TREATMENT    Mean 
    1         1   15.0         3         3    41.3 
    1         2   35.1         4         1    17.8 
    1         3   51.6         4         2    24.4 
    2         1   15.9         4         3    28.8 
    2         2   33.6         5         1    14.8 
    2         3   43.4         5         2    15.4 
    3         1   17.1         5         3    16.6 





Appendix  7.13.  Analysis  of  variance  for  pH,  EC  and  P  forms  with  respect  to 
methods (broadcast and drill) and P rates of application (0 kg P/ha, 20 kg P/ha and 40 




Source          DF          SS          MS         F         P 
REPLICATI (A)    1       0.001       0.001 
METHOD (B)       1       0.016       0.016      0.91     0.514 
Error A*B        1       0.017       0.017 
TREATMENT (C)    2       0.122       0.061      1.22     0.385 
B*C              2       0.049       0.025      0.49     0.643 
Error A*B*C      4       0.201       0.050 
Total           11       0.408 
Grand Mean 7.4717 
 
Dependent: EC (mS/cm) 
 
Source          DF       SS        MS         F          P 
REPLICATI (A)    1      588       588 
METHOD (B)       1    52008     52008      1926      0.015 
Error A*B        1       27        27 
TREATMENT (C)    2    22344     11172      3.15      0.151 
B*C              2    23513     11756      3.31      0.142 
Error A*B*C      4    14188      3547 
Total           11   112668 
Grand Mean 1068.0 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source          DF         SS         MS          F         P 
REPLICATI (A)    1       0.11       0.11 
METHOD (B)       1       10.6       10.6       1102     0.019 
Error A*B        1       0.01       0.01 
TREATMENT (C)    2       11.9       5.97       36.1     0.003 
B*C              2       4.69       2.35       14.2     0.015 
Error A*B*C      4       0.66       0.17 
Total           11       28.0 
Grand Mean 1.49 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source          DF        SS        MS          F          P 
REPLICATI (A)    1      5.09      5.09 
METHOD (B)       1       658       658        526      0.028 
Error A*B        1      1.25      1.25 
TREATMENT (C)    2       378       189       3.21      0.147 
B*C              2       361       181       3.07      0.156 
Error A*B*C      4       235      58.8 
Total           11      1639 









Dependent: Total dissolved P (TDP) (mg/l) 
 
Source          DF        SS          MS           F         P 
REPLICATI (A)    1      6.69        6.69 
METHOD (B)       1       836         835         564     0.027 
Error A*B        1      1.48        1.48 
TREATMENT (C)    2       524         262        4.56     0.093 
B*C              2       448         224        3.90     0.115 
Error A*B*C      4       229        57.4 
Total           11      2045 
Grand Mean 9.88 
 
Dependent: Runoff volume (L) 
 
Source          DF          SS          MS       F        P 
REPLICATI (A)    1      868807      868807 
METHOD (B)       1       88166       88166    0.00    0.962 
Error A*B        1   2.517E+07   2.517E+07 
TREATMENT (C)    2   4.689E+07   2.345E+07   25.56    0.013 
B*C              2     1351349      675674    0.74    0.549 
Error A*B*C      3     2751833      917278 
Total           10 






Appendix 7.14. Analysis of variance for DOP and DRP in soil solution collected at 
three depth (5, 10 and 15 cm) with respect to methods (broadcast and drill) and P 
rates of application (0 kg P/ha, 20 kg P/ha and 40 kg P/ha) from rainfall simulation in 
the field. 
 
Dependent: Dissolved organic P (DOP) (mg/l) 
 
Source          DF        SS        MS        F         P 
REPLICATI (A)    1      4.22      4.22 
METHOD (B)       1      13.4      13.4     0.28     0.691 
Error A*B        1      47.9      47.9 
DEPTH (C)        2      2.32      1.16     0.01     0.986 
B*C              2      58.8      29.4     0.37     0.715 
Error A*B*C      4       322      80.5 
TREATMENT (D)    2       238       119     2.06     0.178 
B*D              2      51.7      25.9     0.45     0.651 
C*D              4       447       112     1.93     0.181 
B*C*D            4      92.4      23.1     0.40     0.805 
Error A*B*C*D   10       578      57.8 
Total           33 
Grand Mean 3.01 
 
Dependent: Dissolved reactive P (DRP) (mg/l) 
 
Source          DF        SS        MS         F         P 
REPLICATI (A)    1      12.4      12.4 
METHOD (B)       1      29.7      29.7      2.71      0.348 
Error A*B        1      10.9      10.9 
DEPTH (C)        2      16.6      8.28      0.22      0.813 
B*C              2       101      50.3      1.33      0.362 
Error A*B*C      4       152      37.9 
TREATMENT (D)    2       179      89.7      3.37      0.072 
B*D              2      23.3      11.7      0.44      0.657 
C*D              4       393      98.3      3.69      0.039 
B*C*D            4      35.8      8.96      0.34      0.848 
Error A*B*C*D   11       293      26.6 
Total           34 















Appendix 7.15. Analysis of variance for Colwell-P and CaCl2-P with three P rates (0 
kg P/ha, 20 kg P/ha and 40 kg P/ha) at five depths (0-2.5, 2.5-5, 5-7.5, 7.5-17.5 and 
17.5-30 cm) and two methods (broadcast and drill). 
 
Dependent: CaCl2-P (mg/l)   
 
Source                     DF        SS        MS        F        P 
REP                         1      0.39      0.39 
METHOD                      1      2.15      2.15     2.71    0.347 
Error REP*METHOD            1      0.79      0.79 
P rates                     2      23.2      11.6     41.2    0.002 
METHOD*P                    2      0.59      0.29     1.07    0.425 
Error REP*METHOD*P          4      1.12      0.28 
DEPTH                       4      64.2      16.0     150     0.000 
METHOD*DEPTH                4      1.10      0.28     2.58    0.063 
P*DEPTH                     8      12.1      1.51     14.2    0.000 
METHOD*P*DEPTH              8      1.79      0.22     2.09    0.077 
Error REP*METHOD*P*DEPTH   24      2.56      0.11 
Total                      59       109 
Grand Mean 1.39 
 
 
Dependent: Colwell-P (mg/kg)   
 
Source                     DF        SS        MS       F        P 
REP                         1      1262      1262 
METHOD                      1      48.7      48.7    0.13    0.781 
Error REP*METHOD            1       380       380 
P rates                     2      8739      4369    12.6    0.018 
METHOD*P                    2       471       236    0.68    0.558 
Error REP*METHOD*P          4      1391       348 
DEPTH                       4     24586      6146    24.5    0.000 
METHOD*DEPTH                4       101      25.3    0.10    0.981 
P*DEPTH                     8      5854       732    2.92    0.020 
METHOD*P*DEPTH              8      2023       253    1.01    0.455 
Error REP*METHOD*P*DEPTH   24      6016       251 
Total                      59     50873 




Appendix 7.16. Linear relationship between different P forms in runoff, throughflow 
and soil solution for sand soil. 
 
    R2 
Runoff  Runoff volume * TSS  0.15 
  PP * TP  0.49 
  DRP * TDP  0.37 
  DOP * TDP  0.81 
  DOP * SOC  0.17 
Throughflow at 10 cm  Throughflow volume * TSS  0.01 
  PP * TP  0.49 
  DRP * TDP  0.94 
  DOP * TDP 
DOP * SOC 
0.91 
0.45 
Throughflow at 30 cm  Throughflow volume * TSS  0.16 
  PP * TP  0.27 
  DRP * TDP  0.52 
  DOP * TDP 
DOP * SOC 
0.98 
0.03 
Soil solution     0-5 cm  DRP * TDP  0.19 
     0-5 cm  DOP * TDP  0.99 
    5-10 cm  DRP * TDP  0.75 
    5-10 cm  DOP * TDP  0.97 
  10-15 cm   DRP * TDP  0.69 
  10-15 cm  DOP * TDP  0.57 
 
Note: DRP - dissolved reactive P; DOP - dissolved organic P; TDP - total dissolved P; PP –particulate 
P; TSS - total solids; ROF - runoff; SOC- soluble organic carbon. 
Note: For R




Appendix 7.17. Linear relationship between different P forms in runoff, throughflow 
and soil solution for clay soil. 
 
    R2 
Runoff  Runoff volume * TSS  0.07 
  PP * TP  0.35 
  DRP * TDP  0.08 
  DOP * TDP  0.79 
  DOP * SOC  0.02 
Throughflow at 10 cm  Throughflow volume * TSS  0.05 
  PP * TP  0.04 
  DRP * TDP  0.11 
  DOP * TDP 
DOP * SOC 
0.98 
0.01 
Throughflow at 30 cm  Throughflow volume * TSS  0.11 
  PP * TP  0.45 
  DRP * TDP  0.71 
  DOP * TDP 
DOP * SOC 
0.92 
0.01 
Soil solution     0-5 cm  DRP * TDP  0.05 
     0-5 cm  DOP * TDP  0.99 
    5-10 cm  DRP * TDP  0.01 
    5-10 cm  DOP * TDP  0.98 
  10-15 cm   DRP * TDP  0.62 
  10-15 cm  DOP * TDP  0.98 
 
Note: DRP - dissolved reactive P; DOP - dissolved organic P; TDP - total dissolved P; PP –particulate 
P; TSS - total solids; ROF - runoff; SOC- soluble organic carbon 





Appendix 7.18. Linear relationship between DOP and SOC concentration in soil 
solution collected from sand soil at different depths. 
 
Dependent: Dissolved organic P (DOP) (mg/l) 0-5 cm  
 
Variables   Coefficient   Std Error         T         P 
Constant       -88.3        19.6          -4.51    0.0001 
SOC             4.54        0.42           10.8    0.0000 
 
R-Squared          0.78       
Adjusted R-Squared 0.77       
 
Source        DF       SS       MS         F          P 
Regression     1   620483   620483       117     0.0000 
Residual      34   180091     5297 
Total         35   800574 
 
Dependent: Dissolved organic P (DOP) (mg/l) 5-10 cm  
 
Variables   Coefficient   Std Error          T          P 
Constant        16.1        13.9          1.16       0.26 
SOC             0.06        0.32          0.20       0.84 
 
R-Squared           0.001       
Adjusted R-Squared -0.03       
 
Source        DF        SS         MS        F          P 
Regression     1      45.1       45.1     0.04      0.843 
Residual      34     38472       1132 
Total         35     38517 
 
Dependent: Dissolved organic P (DOP) (mg/l) 10-15 cm  
 
Variables   Coefficient   Std Error          T         P 
Constant        1.53         0.73         2.08     0.045 
SOC             0.02         0.01         1.78     0.083 
 
R-Squared          0.09       
Adjusted R-Squared 0.06       
 
Source        DF        SS          MS        F         P 
Regression     1      12.5        12.5     3.17     0.084 
Residual      34       134        3.95 















Appendix 7.19.  Linear relationship between DOP and SOC concentration in soil 
solution collected from clay soil at different depths. 
 
Dependent: Dissolved organic P (DOP) (mg/l) 0-5 cm  
 
Variables   Coefficient   Std Error         T           P 
Constant        -143       33.8         -4.21      0.0002 
SOC             4.65       0.66          7.07      0.0000 
 
R-Squared          0.59       
Adjusted R-Squared 0.59       
 
Source        DF          SS          MS        F       P 
Regression     1      481304      481304     50.0   0.000 
Residual      34      327101        9621 
Total         35      808405 
 
Dependent: Dissolved organic P (DOP) (mg/l) 5-10 cm  
 
Variables   Coefficient   Std Error         T          P 
Constant        2.92       10.7          0.27      0.787 
SOC             0.19       0.19          1.01      0.321 
 
R-Squared          0.03       
Adjusted R-Squared 0.001       
 
Source        DF        SS        MS        F          P 
Regression     1      407        407     1.01      0.321 
Residual      34    13657        402 
Total         35    14064 
 
Dependent: Dissolved organic P (DOP) (mg/l) 5-15 cm  
 
Variables   Coefficient   Std Error          T          P 
Constant       -0.28       0.72          -0.39      0.698 
SOC             0.02       0.01           1.34      0.188 
 
R-Squared          0.05       
Adjusted R-Squared 0.02    
    
Source        DF        SS        MS        F            P 
Regression     1      1.65      1.65     1.81        0.188 
Residual      34      31.0      0.91 
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